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Sabe-se que as ferramentas de CAD estão presentes nos projetos aeronáuticos, mas 
entender como e quando são utilizadas não é tão trivial, principalmente pelo fato de estarem 
diretamente relacionadas com o tempo de projeto. Estudá-las e compreender o trabalho do 
projetista é de suma importância quando a intenção é otimizar o trabalho a ser realizado. 
Utilizando o software de design gráfico CATIA, duas aeronaves foram geradas seguindo as 
orientações da AIAA, assim como suas peças para análises estruturais e aerodinâmicas. Os 
resultados foram satisfatórios mostrando que o projeto das aeronaves só foi possível graças à 
utilização dessas ferramentas. Portanto, fica comprovado que a utilização destas ferramentas, 
em especial o CATIA, em um projeto aeronáutico é indispensável e compõe uma parcela grande 
do desenvolvimento do mesmo. 
 
Palavras-Chave: projeto aeronáuticos, CATIA, CAD, ferramentas de design, aeronave, 
otimizar. 
  
OLIVEIRA, L. G. F. S. Influence of CAD Tools on Aircraft Design. 2018. 157p. 





It’s know that CAD is used on an aircraft design, but to understand when and how they 
are used it’s not an easy task, mostly because they are directly involved in the development 
time. When comes to project efficiency, knowledge on these tools and how the CAD team work 
are essential. Using the software CATIA, two airplanes were created as the specifications from 
AIAA suggested, also the parts from these aircraft were used in structural and aerodynamics 
analysis. The results have shown that these tools are crucial for a better project development, 
so it is confirmed that use of CATIA on an aircraft design are vital and are responsible for most 
part of it. 
 
Keyword: aircraft design, CAD, CATIA, tools, project efficiency. 
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1.  Introdução 
Com o passar dos anos fica mais evidente a necessidade de tornar os projetos de 
engenharia mais eficientes, velozes e com custos mais baixos. No que tange os projetos 
aeronáuticos tal característica é almejada a todo instante, desde as primeiras reuniões até as 
últimas etapas do desenvolvimento de uma aeronave. 
É visando tal eficiência de projeto que as ferramentas de “Computer Aided Design” 
(CAD) foram desenvolvidas e cada dia que passa são aprimoradas. Com elas é possível ter uma 
ideia inicial do produto final e suas dimensões, é possível fazer análises mais fiéis evitando a 
necessidade de construir e realizar testes com os componentes do projeto e além disso, é 
possível também coletar informações sobre a quantidade de material necessária para a produção 
de um determinado produto, o que acaba diminuindo o tempo gasto nessa parte do projeto. 
Apesar de hoje estas ferramentas estarem disponíveis para qualquer tipo de usuário 
através de um computador, nem sempre foi assim. Estudos mostram que, já na antiguidade, os 
homens tinham o hábito de desenhar o que iria ser construído, fosse para expor sua ideia ou 
então para guardar de forma que sempre que necessário tivesse em mãos tal projeto 
(CARVALHO JÚNIOR, 2011). Referente à indústria aeronáutica, que pode ser considerada 
nova por exemplo, se comparada com a indústria ferroviária, também não poderia ser diferente. 
Antes mesmo do desenvolvimento dos computadores, os engenheiros já utilizavam de lápis e 
papel para dar o pontapé inicial em seus projetos. O que não era nem um pouco prático e 
demandava uma parcela considerável de tempo. 
Sabe-se que estes projetos aeronáuticos são divididos em algumas etapas. Segundo 
Sadraey (2013) são elas: o projeto conceitual, pré-projeto, projeto detalhado e por fim a 
avaliação e produção da aeronave. As ferramentas de desenho estão presentes em todas, 
podendo-se dizer que são as mesmas que ditam o ritmo com que o projeto se desenvolve. Neste 
trabalho será apresentado as ferramentas de CAD, em especial a desenvolvida pela empresa 
Dassault Systemes, o CATIA, e etapas onde as quais foram substanciais para o desenvolvimento 
do projeto de duas aeronaves de pequeno porte, uma capaz de transportar 4 passageiros e a 
outra, 6. 
O CATIA, do inglês Computer Aided Three-Dimensional Interactive Application, é um 
programa de gerenciamento de produtos 3D, utilizado desde as etapas de design até de 
manufatura e construção de um projeto. Ele pode ser utilizado para criar partes de metal, 
superfícies e moldes a partir de um esboço, além das demais ferramentas de análises presente 
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no software que fogem da finalidade deste trabalho. Foi o primeiro software de CAD 
desenvolvido e teve sua inauguração no ano de 1977. O projeto do CATIA teve início nas 
décadas de 60 e 70, onde ainda todo o desenvolvimento aeronáutico era feito no papel. Um time 
de matemáticos era o responsável por desenvolver as equações que mapeavam a geometria de 
uma aeronave e assim então colocá-la em um computador. Na Figura 1 podemos ver como eram 
as primeiras digitalizações de um componente no CATIA (BERNARD, 2010). 
Figura 1. Primeiras versões do CATIA 
 
Fonte: (BERNARD, 2010). 
 
Além disso, análises aerodinâmicas foram as principais responsáveis pelo 
desenvolvimento do mesmo. Eram elas que demandavam maior parte do tempo de um projeto, 
além da necessidade de se obter resultados mais confiáveis. Porém, logo que a ferramenta 
começou a ser utilizada, os engenheiros da Dassault viram seu potencial e em seguida, a mesma 
foi utilizada nas operações de usinagem (Figura 2), já que era capaz de se determinar qual o 
caminho percorrido pela ferramenta de usinagem no próprio software (BERNARD, 2010). 
Foi também no início da década de 70, que a empresa Dassault Aviation, utilizando uma 
ferramenta predecessora do CATIA, desenvolveu as duas primeiras aeronaves onde o exterior 
e os componentes estruturais foram 100% desenvolvidos no computador, sendo elas o avião 
militar Alphajet e o avião comercial Mercure (Figura 3 e Figura 4, respectivamente) 




Figura 2. Usinagem utilizando CATIA 
 
Fonte: (BERNARD, 2010) 
 
Figura 3. Alphajet 
 
Fonte: (BERNARD, 2010). 
 
O projeto destacado neste trabalho, refere-se ao desenvolvimento conceitual de duas 
aeronaves. Anualmente o American Institute of Aeronautics and Aerospace (AIAA) lança um 
desafio para as diversas classes acadêmicas do mundo todo. Referente à classe de alunos ainda 
na graduação, o desafio era projetar duas aeronaves de pequeno porte, onde houvesse 
semelhança de no mínimo 75% entre as duas. Para que os estudantes tivessem um ponto de 
onde partir, o próprio AIAA determinou alguns critérios a serem seguidos, sendo um deles a 
capacidade de transportar 4 passageiros em uma das aeronaves e 6 passageiros na outra. E foi 
em cima de todos os critérios previamente definidos pelo instituto americano que o projeto se 
desenvolveu e as aeronaves propostas desenvolvidas. Para que a realização do mesmo fosse 
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capaz, uma equipe constituída de nove estudantes foi montada e cada integrante ficou 
responsável por determinada parte do projeto como, por exemplo, desempenho, aerodinâmica, 
estabilidade e controle, estrutural e CAD. Além disso, o relatório final submetido para o AIAA, 
onde estão todos os resultados mencionados neste trabalho, se encontra anexado ao final do 
mesmo. Este trabalho visa mostrar a necessidade e a eficácia da utilização das ferramentas de 
CAD (“Computer Aided Design”) nos projetos aeronáuticos, focando principalmente nas partes 
de pré-projeto e projeto conceitual.  
Figura 4. Mercure 
 





2.  Revisão Bibliográfica 
Quando a decisão de se projetar uma nova aeronave é tomada, uma série de assuntos 
devem ser discutidos e decididos antes de que se inicie, de fato, o desenvolvimento da mesma. 
Primeiramente deve-se decidir qual a missão da aeronave. Gudmundsson (2013, p. 16, tradução 
livre) defende que “é importante que a missão de uma nova aeronave esteja claramente 
definida”. 
Para que a missão seja definida é necessário dispor de algumas informações, que seriam 
elas: a aeronave será de transporte civil ou de carga? Será um avião militar? Qual a velocidade 
de operação da mesma? Qual o teto de operação? “A missão deve estar clara por que o avião 
será projetado para cumprir essa missão em particular” (SNORRI GUDMUNDSSON, 2013, 
tradução livre). Sabe-se que uma vez que esses passos são seguidos, é possível projetar uma 
aeronave da maneira mais eficiente para cumprir sua missão. 
Além disso, também é necessário entender os requisitos de performance e ter uma certa 
sensibilidade quanto ao assunto. No que tange aos requisitos, deve-se ter conhecimento da 
distância de pista para decolagem, tempo para atingir o teto e velocidade de cruzeiro, e para 
alguns casos, qual será o possível ruído gerado pela aeronave, pois dependendo da quantidade 
a mesma não pode operar em grandes centros populacionais. Por outro lado, a sensibilidade diz 
se a operação da aeronave sofrerá alterações em dias muito quentes ou muito frios, se será 
prejudicial voar com a aeronave 5000 pés abaixo da altitude de cruzeiro ou se voar com uma 
velocidade menor que a de cruzeiro, como isso afeta o alcance da aeronave. São esses tipos de 
informações que devem estar à disposição de um projetista para que sua aeronave seja projetada 
de maneira eficiente (SNORRI GUDMUNDSSON, 2013).  
Outro requisito importante está ligado à manobrabilidade da aeronave. Se a aeronave 
for de caça, é interessante que a mesma seja o mais manobrável possível, para que em situações 
de combate corpo-a-corpo a mesma seja capaz de se esquivar das investidas inimigas. Para 
situações onde a aeronave é de transporte civil, o mesmo deve ser avaliado, sendo que neste 
caso o conforto é sempre o objetivo final. Gudmundsson (2013, p. 16) ainda cita o exemplo do 
Lockheed AS-3 Viking (Figura 5), “um avião militar antissubmarino, asa alta e bimotor, que 
quando realizava manobras de subida, aparecia uma forte atitude de nariz para cima por parte 
da aeronave”, sendo necessário adicionar um sistema de controle na aeronave que na fase de 
projetos não estava previsto. 
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Figura 5. Lockheed Martin AS-3 Viking 
 
Fonte: Fotográfo Michael D. Cole, Marinha dos Estados Unidos. 
 
Também é conhecido que o objetivo principal da empresa por trás de um projeto 
aeronáutico é o lucro. Com isso, um bom projetista deve se ater às formas construtivas da 
aeronave e quais podem ser feitas com menor gasto e menor tempo. Por exemplo, uma asa 
retangular é bem mais fácil de ser construída do que uma asa com afilamento. Porém, o custo 
não pode ser apenas o único argumento utilizado pelo projetista, como cita o Gudmundsson 
(2013, p. 17, tradução livre), 
o designer deve ter maneiras de demonstrar porque uma geometria em particular ou 
material bruto é necessário para o projeto. O conceito de fácil construção sempre 
parece perfeito no papel, mas isso não garante que o mesmo vai funcionar. Por 
exemplo, é fácil escolher materiais compósitos para uma nova aeronave que ainda está 
no chão pois o mesmo facilitará sua construção. Mas será que é mesmo necessário 
utilizar este material? 
Apesar de todas as vantagens que os materiais compósitos oferecem para a 
aeronáutica, sua difícil fabricação e necessidade de ambientes controlados comprometem o seu 
uso, adicionando um alto valor agregado. Portanto, não significa que só por que os compósitos 
são indicados em algumas aplicações que os mesmos devem ser utilizados em tudo. Deve-se 
ter discernimento com relação a parte construtiva de uma aeronave, para que não haja erros na 
escolha dos materiais utilizados (SNORRI GUDMUNDSSON, 2013). 
Também é função da equipe de projetos estar ciente se a aeronave será certificada 
pelos órgãos de fiscalização aeronáutica. Se no desenrolar do projeto for observado que a 
mesma não passará nas determinações impostas, cabe ao projetista certificar-se de que a mesma 
consiga. Além disso, ele deve estar preparado para possíveis alterações das regulamentações 
durante o desenvolver do projeto e pronto para fazer as modificações necessárias para que a 
aeronave cumpra os novos requisitos. Estes órgãos regulamentadores são extremamente 
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rigorosos no que tange a segurança de uma aeronave e é por isso que hoje, estatisticamente 
falando, o transporte aéreo é o segundo mais seguro do mundo, perdendo apenas para os 
elevadores (MARTINS, 2015). É importante lembrar que eles não visam prejudicar ou 
favorecer ninguém e sim a segurança de todos que utilizam o transporte aéreo. Sabe-se que as 
aeronaves atuais são equipamentos extremamente complexos e que suas falhas causam danos 
catastróficos, por isso é necessária uma maior fiscalização. Contudo, é possível que as empresas 
aeronáuticas se aproveitem dessas normas tão rigorosas usando-as a seu favor nas campanhas 
de publicidade. 
Lembrando que cada país contém seu órgão regulamentador e que nem sempre os 
requisitos que devem ser cumpridos para um, são para o outro. Se operar em outros países 
diferente daquele onde a aeronave foi projetada é um dos objetivos, os projetistas devem estar 
cientes e encontrar uma maneira de que a aeronave seja aceita por ambos os órgãos 
certificadores. Na Figura 6 podemos ver alguns dos principais órgãos regulamentadores e o país 
onde se situam.  
Analogamente, uma equipe de projeto bem preparada, deve-se atentar ao futuro e às 
possíveis modificações necessárias para manter a aeronave no mercado. A cada dia que passa, 
o peso médio da população mundial aumenta, assim como novos equipamentos para atualização 
da aeronave exigem modificações. Tais modificações geralmente alteram o peso da aeronave, 
fazendo com que um motor mais potente seja necessário, logo, para não deixar seu projeto 
obsoleto, a empresa deve se adaptar aos novos requisitos e atendê-los (SADRAEY, 2013). 
Assim como a facilidade de manutenção da aeronave também deve ser avaliada. 
Gudmundsson (2013, p. 19, tradução livre) a define como “a maneira mais fácil de manter uma 
aeronave operante”. Está diretamente ligada à maneira como a aeronave foi construída e sendo 
assim: quanto mais fácil de construir, mais fácil de se dar manutenção. Sendo que além da 
maneira como a aeronave é construída, o custo envolvido na manutenção também é avaliado. 
Nesse sentido, um possível cliente pode deixar de adquirir uma determinada aeronave, caso a 




Por último, o visual da aeronave. Pode parecer que não é tão importante quanto os 
demais itens citados anteriormente, porém, não deve ser subestimado. Assim como uma série 
de produtos que estão presentes no mercado, às vezes a beleza vende mais que a performance 
propriamente dita. Um outro exemplo, já no escopo da aeronáutica, é o caso do avião militar F-
35, produzido pela Lockheed Martin. A proposta era que as empresas desenvolvessem uma 
aeronave capaz de substituir uma série de aviões que estão em operação por um mais novo e 
eficiente. A competidora da Lockheed Martin era a mundialmente famosa Boeing com seu X-
32 e os dois aviões apresentados para o governo americano podem ser vistos na Figura 7 abaixo. 
Depois das avaliações, o governo americano optou pelo F-35, alegando que o mesmo 
tinha superioridade de performance no quesito comprimento de pista para decolagem. 
Entretanto, rumores dizem que os pilotos da força aérea americana, junto com os responsáveis 
pela decisão final, não gostaram da aparência do X-32 e com isso optaram pelo concorrente 
(SNORRI GUDMUNDSSON, 2013). 
 
Fonte: Arrow Sky. 
 
Figura 6. Alguns órgãos certificadores do mundo 
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Figura 7. À esquerda o projeto X-32 e a direita o F-35 
 
Fonte: National Interest. 
 
Então, fica claro que uma equipe de projeto deve ter em mente todos esses detalhes 
antes de definitivamente colocar o projeto em funcionamento. Segundo Sadraey (2013, p. 42, 
tradução livre), uma equipe de projetos pode ser composta de duas maneiras: “Grupos de 
projeto para as partes do avião e grupos de projeto para as grandes áreas de desenvolvimento”. 
Se a primeira opção for a escolhida, a equipe tem que ser composta por um time para cada 
componente da aeronave, ou seja, um time para o design da asa, um para as empenagens, um 
para a fuselagem, um para o trem de pouso, outro o sistema propulsivo, um para os 
equipamentos e aviônicos, e por fim, um time para elaboração e desenho, conforme mostra o 
esquema (Figura 8) abaixo. 
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Figura 8. Divisão do projeto por componente 
 
Fonte: (SADRAEY, 2013). 
 
Por outro lado, se a maneira de trabalhar foi dividida em grandes áreas, conforme 
sugere Sadraey (2013, p. 43), então a equipe seria composta por um time para design estrutural, 
um para análises aerodinâmicas, um para estabilidade e controle, um para desempenho 
(propulsão), um para certificação, outro para distribuição de peso e por fim, um time para 
elaboração e desenhos. Este esquema pode ser observado na Figura 9 a seguir. 
Figura 9. Divisão do projeto por área 
 
Fonte: (SADRAEY, 2013). 
 
Em ambas opções existem vantagens e desvantagens, contudo quando a aeronave 
desenvolvida é de pequeno porte, sugere-se utilizar o sistema por componentes da aeronave. E 
quando se trata de aeronaves maiores e mais complexas, uma junção dos dois estilos é utilizada 





















configurações, existe um líder de projeto e sua função é definida por Sadraey (2013, p. 43, 
tradução livre) como, 
o líder de projeto serve de juiz e irá integrar os esforços de todos no desenvolvimento 
de um veículo aéreo. O papel do líder é crucial para gerenciar o relacionamento dos 
diferentes grupos e estabelecer os limites de cada um, de maneira a obter um projeto 
mais eficiente. 
Sendo assim, uma vez que os times estão completos, dá-se início ao projeto. O mesmo 
é dividido em quatro etapas, sendo elas: o projeto conceitual, o pré-projeto (ou projeto 
preliminar), projeto detalhado e a fase de construção e testes da aeronave (SADRAEY, 2013; 
SNORRI GUDMUNDSSON, 2013). O que acontece em cada etapa no desenvolvimento de 
uma aeronave é bem definido e está apresentado na Tabela 1, em anexo. 
Em suma, os detalhes apresentados na Tabela 1 resumem o que acontece em um 
projeto de aeronaves. Vale lembrar que foram destacados os principais objetivos de cada 
etapa, porém, para que os mesmos sejam alcançados, uma série de outras tarefas são 
realizadas. Com isso, fica claro que a realização de todas deve ser feita da melhor maneira 
possível, para que o projeto seja bem-sucedido. Como também ressalta Sadraey (2013, p. 49, 
tradução livre), “a parte conceitual é a primeira e mais importante fase do projeto. É a 
atividade preliminar e de alto nível capaz de determinar a função, forma, custo e escala de 
desenvolvimento da aeronave desejada”. 
2.1.  Projeto Conceitual 
Claramente, é no projeto conceitual que todas as análises de conceito são feitas. Nele 
são implementados os requisitos de projeto a fim de se obter uma configuração satisfatória da 
aeronave. Dentro do projeto conceitual, existe um time responsável por definir as opções a 
serem avaliadas, e apesar do elevado número de análises e avaliações, é uma etapa que não 
envolve muitos cálculos. Nesta etapa, os engenheiros envolvidos devem escolher e saber 
argumentar sobre as possíveis configurações da aeronave. Por isso, geralmente, a equipe 
envolvida nesta aérea do projeto é composta por engenheiros mais experientes, que estão no 
mercado há mais tempo, pois uma série de decisões serão tomadas e é preciso saber explicar o 
porquê de tais decisões (SNORRI GUDMUNDSSON, 2013). 
Com o avanço da tecnologia, tais avaliações primárias são realizadas em 
computadores, através de algoritmos geradores de aeronave. Os dados iniciais utilizados são 
adquiridos de análises históricas e de aeronaves já em operação naquele seguimento do 
mercado. Alguns dos dados iniciais utilizados, separados por componentes, são mostrados na 
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Tabela 2. É evidente que o computador não é capaz de decidir qual a melhor configuração, 
sendo assim, a responsabilidade volta-se para os engenheiros de projeto. 








• Coeficiente de sustentação 






• Enflechamento  
• Área 
• Razão aileron/asa  
• Razão leme/estabilizador vertical 




• Comprimento de fuselagem 
• Distância do CG ao datum 
• Comprimento do nariz 
• Distância entre o trem de pouso 
Fonte: (GIL; SILVA, 2017) 
Certamente para que os resultados destes algoritmos sejam confiáveis, quanto maior o 
número de informações melhor, já que o mesmo trabalha com médias. O fluxograma presente 
na Figura 10 representa melhor quais critérios são avaliados dentro do projeto conceitual. Pode-




Figura 10. Fluxograma contendo as partes de um projeto conceitual de aeronaves 
 
Fonte: (VENSON, 2013). 
 
2.2.  Projeto Preliminar 
Em contraste com o projeto conceitual, a parte preliminar do projeto envolve um 
número considerável de cálculos. Além disso, Sadraey (2013, p. 93, tradução livre) explica que: 
como o próprio nome indica, na parte preliminar do projeto, os parâmetros 
determinados não são definitivos e serão alterados posteriormente. Ainda mais, nesta 
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fase, os parâmetros são essenciais e influenciam diretamente no projeto detalhado. 
Contudo, um cuidado especial deve ser tomado para assegurar a acurácia dos 
resultados obtidos nessa fase. 
Durante esta fase do projeto, o principal objetivo é determinar três parâmetros 
importantíssimos de uma aeronave: o peso máximo de decolagem da aeronave (MTOW), a área 
de referência da asa ( 𝑆 𝑤 ) e a tração do sistema propulsivo. Porém, esta fase não se resume 
apenas a determinar estes valores e sim, uma série de outros parâmetros que são o pontapé 
inicial da aeronave. Nesta etapa do projeto um algoritmo otimizador pode ser utilizado, onde 
seu objetivo é variar aqueles dados obtidos inicialmente no projeto conceitual, a fim de 
encontrar qual, supostamente, será a melhor aeronave dentro da gama de resultados 
encontrados. 
Também é nesta fase de projeto que as ferramentas computacionais são bastante 
utilizadas. Como a indústria aeronáutica visa eficiência e acuracidade, torna-se indispensável o 
uso de computadores. Eles são utilizados para cálculos estruturais, análises aerodinâmicas, 
avaliação de estabilidade e controle, previsões do uso de materiais, análises de desempenho, 
entre outros. A priori estes cálculos eram todos realizados à mão e levavam um tempo 
considerável para serem concluídos e como os resultados nem sempre eram coerentes, perdia-
se muito tempo fazendo ajustes no projeto detalhado, ou tomando medidas corretivas, uma vez 
que o projeto preliminar foi feito de maneira incorreta. 
2.2.1.  CAD no Projeto Aeronáutico 
Juntamente com essas ferramentas de análise computacionais, surgiram as ferramentas 
de CAD. E apesar das ferramentas computacionais de design estarem presentes em todas as 
fases do projeto aeronáutico, é no projeto preliminar que seu uso se mostra de extrema 
importância. “Uma imagem vale mais que mil palavras”, já dizia o ditado e em alguns 
momentos, para que algum novo mecanismo seja explicado, palavras e números não são 
suficientes, por isso o uso de ferramentas de visualização se torna tão importante. Neste caso 
em particular, as ferramentas de visualização tridimensionais são as mais efetivas e algumas 
vezes para uma melhor compreensão, a alteração no tempo é utilizada, tornando o sistema 
composto por quatro dimensões (SNORRI GUDMUNDSSON, 2013). 
No princípio, as visualizações eram todas feitas da forma em três vistas, composta por 
uma vista superior, uma lateral e outra frontal. Na Figura 11 podemos ver estas três vistas, além 
da perspectiva da aeronave que foi obtida através de um software computacional. Atualmente 
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o sistema de três vistas é amplamente utilizado, porém as três vistas são obtidas através de um 
objeto que já foi criado em um computador na forma 3D (SNORRI GUDMUNDSSON, 2013). 
Figura 11. Três vistas e projeção de uma aeronave. 
 
Fonte: (SNORRI GUDMUNDSSON, 2013). 
 
Claramente essas ferramentas de CAD revolucionaram os projetos aeronáuticos, tanto 
no quesito tempo de projeto, quanto no que diz respeito a visualização do projeto em si. Essas 
ferramentas surgiram no início da década de 80, com o software CATIA sendo o precursor de 
todas elas. No início, apenas empresas tinham acesso a esse tipo de programa, não somente pela 
escassez de computadores particulares, mas também pelo preço agregado. Hoje qualquer pessoa 
que possui um computador, portátil ou não, tem acesso a tais ferramentas. O mercado que antes 
era dominado por apenas um software, hoje contempla uma série de outros programas, tais 
como o Pro-Engineer e Solidworks na indústria aeronáutica, já nos demais ramos da indústria 
são inúmeros os produtos encontrados, por exemplo, AutoCad e Sketch Up são softwares 
amplamente utilizados em projetos arquitetônicos e de construção civil. 
Na Figura 12 podemos ver uma aeronave que foi projetada em um destes softwares de 
visualização 3D. A imagem foi renderizada utilizando de fundo uma fotografia tirada a uma 
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certa altitude. Percebe-se a importância de uma imagem como essa para o time de marketing e 
até mesmo para os engenheiros que estão desenvolvendo a aeronave.  
Figura 12. Projeção 3D de uma aeronave genérica 
 
Fonte: (SNORRI GUDMUNDSSON, 2013). 
 
Além do mais, as ferramentas utilizadas para apresentar os novos produtos não se 
resumem apenas ao time de marketing e como uma amostra do que está sendo projetado. 
Engenheiros estruturais querem entender o que está acontecendo com determinado componente 
da aeronave, quais os esforços que a peça está submetida, qual a região de concentração de 
esforços, entre outras análises que lhes interessam. Por isso, métodos alternativos de projeção 
de peças são utilizados. No que tange a parte estrutural temos os Métodos dos Elementos Finitos 
(MEF), que apesar de nem sempre representar o que ocorre na realidade, servem de base para 
avaliar possíveis soluções antes mesmo do problema acontecer. Na Figura 13 temos a 
representação de uma peça utilizada na junção da asa com a fuselagem e os esforços presentes 
na mesma. Este tipo de análise geralmente ocorre no projeto detalhado, porém ainda nas fases 
antecedentes do projeto, exemplos de outras aeronaves são analisado a fim de se ter uma 
estimativa de como fazer na nova (SNORRI GUDMUNDSSON, 2013). 
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Figura 13. Análises de MEF em uma peça de aeronave 
 
Fonte: (SNORRI GUDMUNDSSON, 2013). 
 
Analogamente os engenheiros responsáveis pela aerodinâmica da aeronave também 
utilizam essas ferramentas, conforme podemos ver na Figura 14. Eles utilizam tal modo de 
visualização através de softwares chamados de CFD (Computer fluid Dynamics) e o objetivo 
principal é poder ver como o fluído irá se comportar ao redor da aeronave, se não há regiões de 
turbulência onde não era esperado, entre outras. Ao contrário das análises estruturais, os 
aerodinamicistas começam seu trabalho ainda no projeto preliminar, mas análises mais 
minuciosas são realizadas durante o projeto detalhado, por exemplo, a influência da junção asa 
mais fuselagem no arrasto total da aeronave. 
Figura 14. Análise de CFD de uma aeronave 
 




2.3.  Projeto Detalhado 
Na fase detalhada do projeto, têm-se não apenas as avaliações de alguns pormenores. 
Tem-se a transformação de desenho 3D para a forma 2D de maneira que as peças possam ser 
manufaturadas. Uma série de discussões com relação a tolerâncias geométricas, materiais, 
tratamentos térmicos, acabamento e outros detalhes são feitas. Os planos de montagem são 
traçados, junto com as adaptações nos simuladores de voo e início do protótipo. 
Gil e Silva (2017, p. 11, tradução livre) ainda destacam 
uma das principais atividades do projeto detalhado é o desenvolvimento das bancadas 
de testes, sendo a maioria utilizada para avaliar os esforços estruturais e operacionais 
da aeronave. Estes testes são definidos por regulamentações internacionais e envolve 
alguns como colisão com pássaros, ruídos, congelamento, pneus, e fadiga da asa e 
fuselagem. 
2.4.  Testes e operação 
Como o próprio nome já diz, é nesta fase do projeto que testes utilizando o protótipo 
são feitos. É nessa fase que as equipes de publicidade e marketing trabalham mais. Processo 
vital para empresa, pois geralmente é nela que os companheiros de mercado aparecem e pedidos 
são feitos. A cada aeronave entregue a empresa tem a certeza de que atendeu o mercado que 
buscava e que suas considerações feitas no projeto conceitual foram coerentes (GIL; SILVA, 
2017). 
Apesar de parecer o fim do projeto, esta fase basicamente se estende até último dia de 
operação da aeronave. Isso se deve ao fato de que novos clientes sempre querem modificar algo 
no projeto original e essa tarefa deve ser levada às mesas de projeto e analisadas, assim como 
foi feito no projeto inicial. Além disso, às vezes é mais viável para a empresa aeronáutica fazer 
melhorias, ou upgrades, do que criar uma nova aeronave. Devido ao fato da tecnologia utilizada 
nessas aeronaves serem as melhores disponíveis no mercado e o quesito segurança levado 
extremamente a sério, isso possibilita que a mesma opere por décadas, fazendo valer todos os 
anos gastos na fase de projeto. 
2.5.  CATIA e suas funções  
Afim de facilitar a utilização das ferramentas presentes no software, o mesmo é divido 
em ambientes (workbench), que são eles: Sketcher, Part Design, Wireframe and Surface design 
e o Assembly Design (GONÇALVES, 2016). Dentro do Sketcher é que são feitos os esboços 
em uma plataforma bidimensional. O Part Design é utilizado para modelagem das peças a partir 
dos esboços criados no Sketcher. O ambiente Wireframe and Surface Design possibilita a 
criação e modelagem de superfícies ao invés de sólidos (Part Design). Dentro deste ambiente, 
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a criação de peças é mais flexível e o mesmo pode ser trabalhado em conjunto com o Part 
Design (GONÇALVES, 2016). 
Dentro do Assembly Design acontece a montagem das peças previamente modeladas 
nos outros ambientes. É nele também que são realizadas as opções de renderização da imagem 





3.  Metodologia 
O projeto aeronáutico é dividido em etapas e sabe-se também que o mesmo é 
particionado em áreas de conhecimento e estudos diferentes. Visando uma melhor compreensão 
do que foi feito o mesmo será dividido mostrando o desenvolvimento realizado em cada área, 
contudo, não necessariamente na ordem cronológica que o mesmo aconteceu, até mesmo por 
que grande parte aconteceu de forma simultânea. 
3.1.  Princípio do projeto 
Ao se iniciar o projeto das aeronaves diversas avaliações foram feitas (vide relatório em 
anexo): a missão, nicho de mercado, possíveis clientes, possíveis concorrentes. Neste caso, os 
requisitos determinados pelo AIAA são claros e elimina uma serie de discussões a respeito do 
projeto. Ainda assim outras discussões foram necessárias, principalmente no que diz respeito a 
configuração da aeronave. Precisou-se avaliar qual o posicionamento da asa, se será uma 
aeronave composta por canard, se a empenagem será convencional, entre outras possibilidades. 
Primeiramente a avaliação realizada diz respeito ao posicionamento da asa e à 
configuração das empenagens. Para a realização da mesma, critérios históricos e conceituais 
foram considerados, tais como dificuldade construtiva e peso agregado. Referente à 
configuração geral da aeronave, simulações aerodinâmicas foram feitas para dizer se a 
configuração canard com o motor na asa era mais eficiente do que com o motor na frente da 
aeronave. Para que tais simulações fossem feitas, esboços de duas aeronaves foram geradas e 
estão representadas nas Figura 15 e Figura 16. 
Figura 15. Montagem para análise de aeronave não convencional 
 




Figura 16. Montagem para análise de aeronave não convencional 
 
Fonte: Autoria própria. 
 
Após obtido os resultados (relatório em anexo), foi possível determinar qual 
configuração era a melhor para a aeronave e ficou determinada que seria uma aeronave do tipo 
convencional. O mesmo ocorreu para a empenagem, sendo a convencional a mais indicada para 
o projeto. Uma vez que todos esses parâmetros foram definidos, junto com dados históricos e 
análises de possíveis concorrentes, foi realizado o que chamamos de otimização de aeronaves, 
um processo que baseado nos dados fornecidos, gera uma aeronave que pode ser considerada 
um pontapé inicial para o desenvolvimento do trabalho. Entre os resultados disponibilizados 
pela otimização estão o perfil aerodinâmico utilizado na asa e empenagens, assim como as 
dimensões iniciais das mesmas. A partir destes resultados que se dá início ao projeto preliminar, 
onde cada área fica responsável por avaliar se os resultados obtidos são coerentes e satisfatórios 
com o objetivo final.  
3.2.  Estruturas e Aeroelasticidade 
Para que seja possível fazer a análises estruturais, desenhos computacionais também são 
necessários na forma de casca, assim como a aerodinâmica, que será discutida mais adiante.  
Para o desenvolvimento da asa, foi utilizado os dados obtidos pela otimização (vide anexo) e 
trabalhando na área de trabalho “Wireframe and surface” do software CATIA, o perfil 
aerodinâmico escolhido foi importado para o software através de uma ligação entre o Microsoft 
Excel e o software. Naturalmente, para gerar a asa, foram necessárias as dimensões de 
envergadura, corda da raiz, corda da ponta, enflechamento e diedro. Os mesmos são utilizados 
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para gerar um esboço (Figura 17a), que em seguida, usando a função “Multi-Section Surfaces” 
liga-se os perfis e asa é gerada, como mostrado na Figura 17b. 
Figura 17. À esquerda esboço utilizado para fazer a asa e à direita a asa pronta 
 
                                  (a)                                                                                 (b) 
Fonte: Autoria própria. 
 
Dessa forma, pode-se então gerar a malha necessária. O mesmo foi feito para a 
construção dos desenhos da empenagem vertical e horizontal, presentes na Figura 18. 
Figura 18. Empenagem horizontal na esquerda e empenagem vertical na direita 
 
Fonte: Autoria própria. 
 
A fim de aperfeiçoar o projeto e as análises, foram feitas também avaliações da aeronave 
pronta. Assim como na aerodinâmica, é importante que não haja falha na construção do desenho 
de forma que não ocorra falhas na geração da malha, sendo o erro mais comum a sobreposição 
de duas superfícies na junção entre um corpo e outro. Para que tal erro fosse evitado, uma 
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estratégia de montagem foi adotada. Todas as peças que antes eram superfícies foram 
transformadas em sólido, utilizando a função “Close surface” na área de trabalho “Part 
Design”. Em seguida, uma montagem é iniciada no “Assembly Design”, colocando as peças em 
seus lugares conforme na Figura 19, sendo que o posicionamento dos componentes depende 
dos resultados dados previamente pela otimização.  
Figura 19. Montagem das aeronaves de 4 e 6 passageiros, respectivamente 
 
Fonte: Autoria própria. 
 
Finalmente, existe uma ferramenta do programa na aba “Tools” chamada “Generate 
CATpart from Product” onde sua função é transformar a montagem em uma única peça. Depois 
de formada, o que deve ser feito é tirar a casca dela. Com uma única peça dentro do software, 
na parte “Wireframe e Surface”, a função chamada “Extract” é utilizada, de forma que a 
superfície do corpo é gerada e utilizando as ferramentas de corte o local onde serão colocadas 
as janelas são retiradas, pois as mesmas não são representativas para análise. O produto final 
fica como o representado na Figura 20. 
Entretanto é conhecido que no projeto e desenho de uma asa estão presentes as 
longarinas e nervuras. O mesmo não foi realizado por meio de softwares de desenhos pois o 
software utilizado para analises estruturais é capaz de realizar tal função de uma maneira mais 




Figura 20. Fuselagem confeccionada para análise estrutural 
 
Fonte: Autoria própria. 
 
3.3.  Aerodinâmica 
É a área onde os desenhos computacionais foram mais requisitados, pois a fuselagem, 
as asas, assim como a aeronave toda são avaliadas. Inicialmente a asa deveria ser como aquela 
dada pelo algoritmo otimizador, porém, para ter certeza da escolha do mesmo, uma série de 
asas foram confeccionadas, onde os únicos parâmetros iniciais conservados foram a 
envergadura, corda da raiz e corda da ponta. A estratégia adotada nesta etapa é similar com a 
adotada na parte estrutural, porém, dentre as variações requisitadas pelos responsáveis da área 
estava a variação do perfil aerodinâmico em determinada seção da asa, variação do 
enflechamento e afilamento e ângulo de incidência variável. Portanto, para que todos esses 
desenhos fossem feitos em um tempo útil, foi necessário adotar uma maneira de fazer os 
“sketches” de maneira que a alteração do produto final acontecesse de maneira rápida. Para 
isso, linhas guias foram utilizadas (Figura 21) de forma que apenas alterando os valores 
presentes nas cotas, o objeto final era alterado. 
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Figura 21. Cotas utilizadas para alteração da asa 
 
Fonte: Autoria própria. 
 
Imediatamente, utilizando a função “Multi-Sections Surface”, as variações da asa foram 
geradas e passadas para os responsáveis destinados a avaliar qual a melhor opção para o projeto. 
Para as simulações da aeronave pronta, a metodologia adotada foi a de transformar superfícies 
em sólidos antes da junção e após a mesma, retirar a superfície. Logo nos primeiros ensaios, 
pode-se ver que a área de junção asa-fuselagem é uma das mais interferentes negativamente no 
resultado final. Por isso, com intenção de diminuir tal efeito, uma suavização na parte em 
questão foi feita e pode ser vista na Figura 22. 
Posteriormente também foi observado uma região de alta pressão na frente da aeronave, 
fenômeno este que prejudica o desempenho da aeronave. Essas regiões influenciam diretamente 
no arrasto total da aeronave, logo é de interesse dos projetistas eliminar tal condição e não 
prejudicar a performance da mesma. Para contornar tal situação, a adição de um “spinner” foi 
necessária. O “spinner” foi gerado através da revolução usando a função “Revolve” no 
“Wireframe and Surface” e colocado depois disso na frente da aeronave conforme Figura 23. 
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Figura 22. Junção asa e fuselagem 
 
Fonte: Autoria própria. 
 
Figura 23. Spinner da aeronave 
 




Finalmente foi a vez do dispositivo de ponta de asa chamado de “winglet”. Este 
dispositivo funciona como uma extensão da asa, inclinada para a parte de cima e tem a função 
de diminuir os efeitos de vórtice de ponta de asa, porém com um perfil aerodinâmico diferente 
na ponta. Para a criação do mesmo, foi necessário criar um plano onde a extremidade do 
“winglet” estava. Depois, utilizando uma linha guia, que tem o mesmo formato do dispositivo, 
e a função “Multi-Section Surface” foi possível adicionar o sistema a asa (Figura 24). 
Figura 24. Dispositivo de ponta de asa 
 
Fonte: Autoria própria. 
 
Ao desenvolver o corpo da aeronave, uma série de requisitos devem ser levados em 
consideração, por exemplo, o espaço necessário para o habitáculo, região onde vão estar os 
pilotos e passageiros, espaço necessário para a alocação do motor e componentes mecânicos e, 
considerando que é uma aeronave hibrida, um compartimento para as baterias também foi 
considerado. Para que fosse esboçado uma fuselagem, o software AutoCad foi utilizado, 
levando em conta os componentes básicos que estariam presentes na aeronave, como pode ser 
visto na Figura 25. 
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Figura 25. Esboço da disposição dos componentes utilizando o AutoCAD, na parte superior 
está a aeronave de 4 passageiros, logo abaixo a de 6 passageiros 
 
Fonte: Autoria própria. 
 
Uma vez que a projeção da aeronave é feita neste software auxiliar, a mesma é colocada 
no CATIA, na área chamada “Sketch tracer”, este local de trabalho possibilita que linhas sejam 
traçadas a partir de um desenho em duas dimensões, sobrepondo a imagem original. Este 
processo foi realizado para as vistas superior e lateral. Uma vez feito isso, foi necessário colocar 
linhas, na forma de spline para dar o formato a aeronave, sendo uma para cada seção da mesma, 
conforme a Figura 26. 
Tendo o esboço pronto no CATIA, foi transferido do local de trabalho “Skecth tracer” 
para o “Wireframe and Surface” e utilizando uma ferramenta de varredura, a superfície da 
fuselagem foi criada. Tendo em mãos a superfície da fuselagem, utilizou-se a mesma para fazer 
analises aerodinâmicas e foi notado que era necessário alterar a mesma para um melhor 




Figura 26. Esboço da fuselagem na forma de linhas 
 
Fonte: Autoria própria. 
 
Figura 27. Na figura (a) está a fuselagem preliminar e em (b) a fuselagem final. 
 






Finalmente, uma análise aerodinâmica, que consiste em particionar a aeronave em 
pequenos pedaços e medir a área do corte, é feita. Em seguida, transforma-se a fuselagem em 
um cilindro equivalente com as áreas encontradas para posteriormente ser avaliada em 
softwares de análises de fluidos. No CATIA, a ferramenta “Measure” foi utilizada, 
possibilitando encontrar esses valores de área e através de “sketches” os círculos foram criados 
e utilizando a função “Multi-Section Surface” foi possível gerar o objeto de estudo mostrado na 
Figura 28. A avaliação aerodinâmica consiste em mostrar se existe uma região de pressão muito 
alta entre a transição de uma seção e outra e ficou comprovada que a região da junção entre a 
asa e fuselagem era o pior lugar, corroborando com a necessidade de suavizar a região em 
destaque. 
Figura 28. Cilindro para análise aerodinâmica da aeronave 
 
Fonte: Autoria própria. 
 
Além disso, nas análises feitas anteriormente foi decidido que a aeronave utilizaria 
dispositivos hipersustentadores. Os flaps, como são conhecidos, tem a função de aumentar a 
sustentação da aeronave de forma que a mesma possa aterrissar e decolar com velocidades mais 
baixas, o que deixa a operação da aeronave mais segura. Este dispositivo é uma extensão da asa 
capaz de se movimentar e alterar as características aerodinâmicas da mesma. Utilizando a 
função “Trim”, ela foi retirada da asa. E trabalhada com funções do tipo “Fillet” e “Fill” para 




Figura 29. Sistema hipersustentador da aeronave  
 
Fonte: Autoria própria. 
 
3.4.  Estabilidade e Controle 
Assim como a estratégia adotada por empresas para avaliar novos produtos, logo que 
supostamente tinha-se a aeronave pronta, foi feita uma comparação entre os possíveis 
concorrentes e ficou perceptível que o tamanho da empenagem vertical estava muito pequena, 
como pode ser visto na Figura 30 que compara o avião de trabalho e o Cirrus SR22, apesar dos 
parâmetros utilizados no algoritmo de otimização estarem coerentes. Tal erro ocorre, pois na 
otimização não são levados em conta critérios de segurança durante o pouso e decolagem da 
aeronave, que ocasionam um aumento significativo da empenagem. 
Portanto foi necessário alterar o tamanho final da empenagem, contudo não houve 
tempo hábil para fazer os cálculos sugeridos por (SNORRI GUDMUNDSSON, 2013), ficou a 
critério do designer, baseado em dados de concorrentes, determinar o tamanho da nova 
empenagem. Além do tamanho, algumas características como o enflechamento e a junção 
empenagem e fuselagem foram alterados. Para garantir a curvatura e a suavização da junção 
desses componentes, uma curva guia foi usada na função “Multi-Section Surface” e o resultado 




Figura 30. Comparação entre o avião projetado e o concorrente Cirrus SR22 
 
Fonte: Autoria própria. 
 
Figura 31. Configuração final da aeronave já com a empenagem vertical final 
 




Posteriormente, os responsáveis pela estabilidade e controle da aeronave definiram as 
superfícies de comando, sendo elas o aileron (dispositivo presente na asa responsável pelo 
movimento de rolagem), o leme (presente na empenagem vertical responsável pelo movimento 
de guinada) e o profundor (encontrado na empenagem horizontal e responsável pelo movimento 
de arfagem). Esses dispositivos são extensões da superfície aerodinâmica onde se encontram 
com a capacidade de se movimentar. Sendo assim, para gerá-los foi usado uma estratégia onde 
usando a função “Trim”, no “Wireframe and Surface”, e utilizando as dimensões dadas pelas 
análises de manobrabilidade da aeronave, as peças foram retiradas de seus componentes 
originais, como mostrado na Figura 32 a seguir. 
Figura 32. Aeronave sem as superfícies de comando 
 
Fonte: Autoria própria. 
 
Uma vez que as superfícies de controle foram retiradas, um trabalho de preenchimento 
nos espaços vazios deixados pelos cortes, utilizando a função “Fill”, foi realizado. Além disso, 
quando construídos sabemos que não ficam como extensões perfeitas dos componentes 
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originais, logo, um acabamento utilizando a função “Fillet” foi utilizada, deixando-as como as 
mostradas na Figura 33 abaixo. 
Figura 33. Superfícies de comando. Da esquerda para a direita: profundor, leme e aileron 
 
Fonte: Autoria própria. 
 
3.5.  Estética e Design 
Apesar de não estar incluso nas etapas do projeto conceitual de uma aeronave, no 
desenvolver deste trabalho foi optado por adicionar alguns detalhes, componentes e designes 
estéticos. Tal decisão faz-se importante para apresentar um possível produto final do que será 
a aeronave, caso a mesma venha a ser produzida. A primeira decisão foi no quesito cores e 
layout das aeronaves, sendo o mesmo apresentado na Figura 34. A fim de que este resultado 
fosse obtido, utilizou-se a ferramenta “Trim”, além de cortar as peças, ela possibilita também a 
separação de componentes, transformando o mesmo em duas peças separadas. Dessa forma, foi 
possível adicionar uma cor para cada parte da aeronave. 
Além disso, o interior também foi trabalhado de maneira que a aeronave final não fosse 
apenas uma casca. As poltronas (Figura 35) foram confeccionadas no ambiente “Part design”, 
onde, a partir de um esboço, a ferramenta “Extrude” foi utilizada e para acabamento “Edge 
Fillet” foi utilizada. Já o painel (Figura 36) foi obtido através de (LEVINE, 2013) e o mesmo é 
uma representação do equipamento utilizado no concorrente Cirrus SR-22, que com algumas 
pequenas modificações foi adicionado ao nosso avião. 
Lembrando que o interior foi arranjado de forma que não somente as normas de espaço 
de cabine fossem respeitadas, como também, visando um melhor conforto para os passageiros 




Figura 34. Duas aeronaves finalizadas. De 6 passageiros na parte superior e 4 passageiros na 
inferior. 
 
Fonte: Autoria própria. 
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Figura 35. Poltronas para as duas configurações de aeronave 
 
Fonte: Autoria própria. 
 
Figura 36. Painel adaptado da aeronave 
 




Figura 37. Interior do avião de 4 passageiros e interior do avião de 6 passageiros, 
respectivamente. 
 
Fonte: Autoria própria. 
 
Ainda na parte de detalhamento, os trens de pouso utilizados também foram 
adicionados. Em um projeto aeronáutico, os mesmos são desenvolvidos sob medida, de maneira 
que sejam os melhores possíveis para a operação da aeronave. Porém, como não era o escopo 
do trabalho, os mesmos foram retirados de (METODIEV, 2017) e baseados nas dimensões dos 
demais concorrentes e em critérios como o ângulo de arfagem da aeronave na decolagem e 
distância entre a hélice e o solo, os mesmos foram devidamente editados, alterando apenas suas 
dimensões, sendo o resultado final apresentado na Figura 38. 
Figura 38. Trem de pouso utilizado por ambas aeronaves 
 




4.  Análise de Resultados 
Depois de tudo que foi realizado, o resultado obtido alcançou as expectativas (conforme 
relatório em anexo). Lembrando que a proposta era projetar uma aeronave de pequeno porte 
para 4 e 6 passageiros sendo o resultado final apresentado na Figura 34. 
Além de mostrar o layout final, em todo projeto aeronáutico ainda é essencial apresentar 
as dimensões básicas da aeronave, com isso temos a Figura 39 e Figura 40. Note que a 
envergadura das duas aeronaves é a mesma, isso se dá devido ao fato da aeronave de 4 
passageiros, por definição, ser 75% igual a de 6 passageiros. 
Figura 39. Dimensões finais da aeronave de 4 passageiros: vista frontal e superior. 
 





Figura 40. Vista lateral da aeronave de 4 passageiros 
 
Fonte: Autoria própria. 
 
Como deveria haver uma comunalidade entre as duas aeronaves, as únicas dimensões 
que variaram entre as duas aeronaves, foram o comprimento total da aeronave e a altura da 
empenagem vertical, como pode ser visto na Figura 41. 
Figura 41. Vista lateral da aeronave de 6 passageiros 
 
Fonte: Autoria própria. 
 
Posteriormente, o interior foi adaptado e colocado em seu devido lugar, conforme a 
Figura 42. Neste caso, o resultado corroborou com as necessidades estipuladas pela equipe de 
conforto e espaço interno. 
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Figura 42. Interior das aeronaves de 4 e 6 passageiros, respectivamente 
 
Fonte: Autoria própria. 
 
Detalhes como as portas também foram adicionados, como pode ser visto na Figura 42. 
Não apenas essas portas foram adicionadas, mas também os demais detalhes, como por exemplo 
as cavidades de onde o trem de pouso fica alojado enquanto está recolhido, porta do bagageiro 
e superfícies de comando já personalizadas e podem ser vistas entre as Figura 43, Figura 44, 
Figura 45 e Figura 46, respectivamente. 
Figura 43. Configuração da aeronave com o trem de pouso principal recolhido 
 




Figura 44. Porta de acesso ao bagageiro 
 
Fonte: Autoria própria. 
 
Figura 45. Profundor defletido 
 




Figura 46. Leme defletido 
 
Fonte: Autoria própria. 
 
Analogamente, os desenhos realizados para as análises foram satisfatórios e não 
apresentaram erros que comprometeriam os resultados, conforme podemos ver nas Figura 47 e 
Figura 48. 
Figura 47. Análise de CFD feitas na aeronave 
 




Figura 48. Análises estruturais 
 





5.  Considerações Finais 
Assim sendo, o projeto teve sua conclusão no tempo estipulado e com sucesso devido 
as ferramentas de CAD utilizadas durante o processo. Tanto as imagens utilizadas para a 
projeção do layout da aeronave quanto as utilizadas para análises de aerodinâmica e estruturais 
foram de suma importância e sem as mesmas, provavelmente não seria capaz de finalizar o 
projeto no tempo proposto. 
No que tange o projeto aeronáutico, apesar de todos os resultados satisfatórios, ainda há 
margem para desenvolvimento. Principalmente na parte aerodinâmica, onde foi observado que 
a junção asa e fuselagem poderia ser otimizada. Assim como a melhor configuração de trem de 
pouso para o caso especifico.  
No quesito desenhos, o mesmo poderia ser também melhorado de forma a ser 
adicionado mais detalhes ao produto final, para que assim a representação ficasse o mais real 
possível. O próprio desenho final poderia ser utilizado para análises do que hoje é chamado 
parametrização. A parametrização de um desenho refere-se à possibilidade de automatizá-lo de 
maneira que suas alterações fossem feitas mais rápidas e eficientes. Não limitando somente a 
isso, com um desenho parametrizado e utilizando ferramentas computacionais sofisticadas, o 
mesmo poderia ser integrado a um regime de otimização onde uma vez que fosse atingido o 
resultado, um programa auxiliar utilizaria o desenho pronto para fazer simulações de maneira 
que os resultados adquiridos do projeto conceitual e preliminar fossem mais adequados com a 
realidade, de forma que diminuísse o tempo de projeto. E como nos projetos de engenharia o 
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7.  Anexos 













• Tipo de aeronave (monomotor, 
turboprop, pistão) 
• Missão (qual o propósito da 
aeronave) 
• Tecnologia (materiais, aviônicos, 
motores) 
• Estética (aparência da aeronave) 
• Requisitos de conforto 
(pressurização, lavatórios, 
corredores) 
• Ergonomia (ergonomia da tripulação 
e passageiros) 
• Dispositivos aerodinâmicos 
(flpa/slat, spoiler, enflechamento, 
etc.) 
• Certificação 
• Facilidade construtiva 
• Manutenção (ferramentas, facilidade) 
• Estimativa do preço inicial 








• Desenvolvimento detalhado da 
geometria 
• Distribuição de cargas 
• Estimativa de peso 
• Detalhes da missão 
• Desempenho 
• Estabilidade e controle 
• Análise dos dispositivos 
aerodinâmicos 
• Análise da certificação 
• Análise da capacidade operacional 
• Refinamento da produtividade 
• Plano de manutenção definido 








• Design detalhado (estruturas, 
sistemas, aviônicos) 
• Análise de tecnologias (fornecedores, 
parcerias, desenvolvimento) 
• Contratos de venda e negociação 
• Desenvolvimento de moldes e 
ferramentas para produção 
• Sistema estrutural detalhado 
• Sistema mecânico detalhado 
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• Sistema de aviônicos e eletrônicos 
detalhado 
• Projeto ergonômico detalhado 
• Construção do protótipo 
• Plano de manutenção 






Construção e testes 
• Revisão do projeto detalhado 
(estruturas, sistemas, aviônicos, etc.) 
• Utilização das tecnologias escolhidas 
• Design da fabricação 
• Testes estruturais 
• Testes aeroelásticos (GVT) 
• Testes mecânicos 
• Teste dos aviônicos 
• Otimização dos procedimentos de 
manutenção. 
Fonte: (SNORRI GUDMUNDSSON, 2013) 
 
7.1.  Relatório e desenhos computacionais 
Afim de possibilitar a repetibilidade do trabalho, além da possibilidade de contribuição 
em trabalhos futuros, todos os arquivos eletrônicos utilizados estarão salvos no endereço: 
https://drive.google.com/file/d/17qAxlskhK4VAq07B5eZ__eezf_hbFMwK/view?usp=sharin
g 
O relatório contendo todas as análises e resultados obtidos durante a realização do 
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The study of fully or partially electric aircraft has been the subject of discussion between researchers and 
engineers at universities and the aeronautics industry over the last years. The need to develop ever more efficient and 
greener aircraft leads to the motivation to expand technologies and move toward previously unfeasible concepts. 
Currently, most General Aviation aircraft typically use internal combustion engines (ICE) as a power source. 
These engines burn fossil fuels with high energy densities, making this type of raw material very advantageous for 
aviation. However, they are highly polluting, since their burning generates the production of carbon dioxide (CO2), 
which is the main responsible gas for global warming. The Air Transport Action Group (ATAG) points out that 2% of 
anthropometric carbon dioxide emissions come from aviation, and this number only tends to increase along with the 
number of aircraft in operation [1,2]. Under those circumstances, several targets have been defined in Vision 2020 and 
AGAPE 2020 for the next few years [3]. 
Besides the problem of emissions and pollution, the amount of fossil fuels available in the world is limited. 
Even not knowing about its availability and scarcity in the future, the fossil fuel prices themselves tend to increase in 
the coming decades due to the fast-growing worldwide energy demands and the uncertain political situation in the 
Middle East [4]. 
Thereby, all the situations mentioned above lead to consider and rethink in alternative ways of the power 
supply. Thus, the introduction of electric propulsion systems has been a great option. First of all, batteries can be used 
as a power source instead of conventional fuels. However, the battery use itself brings challenges such as the weight 
on board and its specific energy. Regarding the first one, aircraft are very sensitive when it comes to weight because 
as it increases on board, the available payload diminishes. Regarding the second one, the batteries currently have low 
specific energy when compared to high specific energy of conventional fuels. However, studies have shown great 
results for batteries in the future. Lithium-air batteries may show an impressive theoretical specific energy of 11,680 
Wh/kg [5]. But in more realistic numbers, Zn-O2 batteries with specific energy of 400 Wh/kg in 2025 are expected [6]. 
It is also worth remembering the challenge related to the international aviation regulations, which require that the 
minimum level of safety compared to the batteries be guaranteed. 
Moreover, engines have a lower efficiency and power-to-weight ratio when compared to electric motors [7]. 




the performance. Such systems have potential advantages including low fuel costs, lower vibrations, lower pollution, 
and reduced noise. 
After all, it is not an easy task to balance all these interests and to develop a wholly or partially electric 
propulsion system, but it is of great importance and necessity to carry on the study and improvement of physical 
limitations, fulfilling the requirements and guidelines for the future.  
Along those lines, when designing an aircraft, it is important to seek the best aerodynamic efficiency, good 
stability control, lower associated weight, better aeroelastic behavior, and ease of manufacturing. In this work, it is 
done a conceptual design of two hybrid-electric aircraft whose design requirements were determined through a Request 
for Proposal (RFP) published by the committees of the annual design competition sponsored by The American Institute 
of Aeronautics and Astronautics (AIAA). 
The initial characteristics and geometries of a conventional aircraft were estimated through the study of 
historical trends. Then, the hybridization characteristics were evaluated using the series architecture, which affects 
mainly the range equations and the definition of the propulsive system elements that better fit the project, e.g., the 
internal combustion engine and batteries. To explore the multidisciplinary characteristics of the aircraft development, 
it was implemented an optimization based on a genetic algorithm fully integrated with an aerodynamic module with 
performance and stability constraints, searching for the best values of the geometrical design variables. 
 
2. Design Requirements and Proposals 
For the year 2017-2018, the AIAA Request for Proposal (RFP) is for the design of two-member Hybrid-
Electric General Aviation Aircraft family, one for 4 passengers and another one for 6 passengers. The year entry-into-
service (YEIS) is 2028 for a 4-seat model with 1000 nmi of range and 2030 for the 6-seat model with 750 nmi of range. 
The intent is to have energy storage for takeoff, climb, go-around and emergencies via batteries and electric motors 
with an engine providing additional power and/or direct propulsion. Moreover, the airframe and propulsion system 
commonality, by weight, between the 4-seat and 6-seat variant should be 75% or greater of the 4-seater’s empty weight. 


















Passenger/pilot weight of 190 lb 
Baggage weight per passenger/passenger of 30 lb and volume of at least 4 cubic feet per passenger 
Capable of taking off and landing from different runways (dirt, grass, metal mat, gravel, asphalt, and 
concrete) 
Takeoff, and landing performance should also be shown at 5,000 ft above mean sea level (ISA + 18 deg 
F) as well as for grass & concrete fields at sea level (ISA + 18 deg F) 
Minimum cruise speed of 174 knots & Target cruise speed: 200 knots or greater 
Capable of VFR and IFR flight with an autopilot 
Meets applicable certification rules in FAA 14 CFR Part 23 
Use of engine(s) and electric motor(s) that will be in service by 2028 and document battery energy and 
power density assumptions based on reasonable technology trends 
Show airframe and propulsion system commonality of at least 75% between the 4-seater and 6-seater by 
weight 
Show the emergency range to get to an alternate airport at the maximum feasible weight from an engine 
failure at 5000 ft AGL (ISA + 18 deg F) with electric power from batteries alone for both the 4- and 6-
seat variants 
Provide systems and avionics architecture that could enable autonomous flight; otherwise, provide a 
market justification for choosing to either provide or omit this capability 
Meet 14 CFR 23.67 Climb: One engine inoperative requirements with either propulsion type inoperative 
if it will be treated as a twin-engine airplane 









Crew: 1 pilot + 3 passengers 
1000 nmi design range mission with IFR reserves 
Maximum takeoff and landing field lengths of 1,500’ over a 50’ obstacle to a runway with dry pavement 
(sea level ISA + 18oF day) 
Initial climb rate at sea level (ISA+ 18oF) at least 1500 fpm with both electric and fossil fuel propulsion 
operating 









Crew: 1 pilot + 5 passengers 
750 nmi design range mission with IFR reserves 
Maximum takeoff and landing field lengths of 1,800 ft over a 50 ft obstacle to a runway with dry pavement 
(sea level ISA + 18oF day) 





3. Market Research 
For everyone that loves airplanes, the biggest dream is to build one that emits noise as close to zero as possible. 
In order to do that, the solution that first come up to mind is a full electric power system, where the noise would be 
reduced, along with the fuel consumption and air pollution. However, the weight of the set of batteries and generator 
is so high that the aircraft would be stuck at the ground. Therefore, how could be possible to reduce noise, fuel 
consumption and air pollution on an aircraft? The answer is simple: hybrid propulsion.  
The hybrid propulsion combines the power of electric and conventional engines, this way “a plane might taxi 
to the runway on electricity. During high-demand phases of flight such as takeoff and climb, it could supplement that 
with energy from a turbine generator to provide lots of power without lots of noise. Once at altitude, the plane could 
loaf along with just the generator driving electric fans, diverting excess power back to recharge onboard batteries. 
Then, the plane could descend and land again as a quiet electric”[8]. 
 This reality is not as far away as it looks. According to Engadget[9], Airbus, Rolls-Royce and Siemens 
are partnering on a hybrid-electric aircraft prototype, the E-Fan X, that will prove the mixture of conventional and 
electric engines will work. The demonstrator will modify a BAe 146 by replacing one of its gas turbine engines with 
a 2MW electric motor, followed by a second if everything goes smoothly. It is currently slated to fly sometime in 2020. 
 The aircraft project proposed here would compete with the airplanes in the general aviation category, such as 
Piper PA 44 180, Diamond DA42, Cirrus SR-22, Cessna 172, Mooney Acclaim and Cessna TTX for the 4PAX aircraft 
(Dolphin 4000) and Beechcraft Baron, Beechcraft Bonanza, Piper Seneca, Cessna 206, Piper Malibu and Piper 
MATRIX for the 6PAX aircraft (Dolphin 6000).  
Figure 1 shows the comparison of takeoff distance between the 4 and 6 seats aircraft. As one can see, both 
aircraft of the spec have shorter takeoff distance than most of the competitors, which turns possible to takeoff from 
smaller runways. Figure 1 also shows the comparison of cruise speed and takeoff distance between the 4 seats aircraft. 
As shown, the cruise speed from the spec is higher than most of the competitors, except for the Cessna TTX. However, 





Figure 1: Passengers count (on the left) and cruise speed (on the right) vs takeoff distance. 
Figure 2 shows the comparison of range and takeoff distance between the 4 seats aircraft. As one can see, the 
range proposed by the spec is greater than most of the competitors. Figure 2 also shows the comparison of cruise speed 
and takeoff distance between the 6 seats aircraft. As presented, the cruise speed proposed by the AIAA design 
requirements is among the competitors’ average. 
 
Figure 2: Range (on the left) and cruise speed (on the right) vs takeoff distance. 
4. Conceptual Design  
This work deals with the design of two hybrid-electric aircraft: one for four passengers (4PAX) and the other 
for six passengers (6PAX). Both aircraft are expected to have 75% or greater of communality. Therefore, the first 
aircraft to be designed was the 4PAX one, since the AIAA specifications require shorter field lengths for takeoff and 
landing, a higher rate of climb and a more significant range. Thus, after having that aircraft in hands, it is easier to 
adapt it to the 6PAX configuration, changing the empennage, but keeping the same wing. 
The design of this hybrid-electric aircraft was obtained using the procedures and theories presented by Venson 




4.1. Initial Design Estimate 
First of all, in the conceptual design of the aircraft, several trend tables were used to obtain some initial 
estimates. But for that, it was necessary to assign some initial configurations to the aircraft. Thus, four main 
configurations were assumed: twin-engine with T-tail, twin-engine with conventional tail, single-engine with T-tail, 
and single-engine with conventional tail.  
The algorithm used to estimate the design of the aforementioned aircraft considers several coefficients and 
characteristic values of conventional aircraft presented in historical tables present in the literatures [10-15]. Most of 
them are represented by a function defined by: 
( )0 0, ,
cf a W c aW=   (1)  
where ( )0, ,f a W c  represents the characteristic to be calculated such as wetted area ( )wetS , a  and c  are constants 
that depend on the type of aircraft under analysis, and 0W  is the gross weight estimate of the aircraft, which is iterated 
throughout the project. 
This process of iteration and updating of the aircraft weight is performed considering the weight variation and 
performance during the phases of flight which the fuel consumption is higher: cruise and loiter. In [14,15] the weight 
ratios per phase are introduced, setting a correlation between them during the aircraft mission. The simplified scheme 
of iteration flow is presented in Figure 3 (first iteration) and Figure 4 (other iterations). 
 





Figure 4: Other iterations for aircraft gross weight estimate. Source: Venson [12]. 
Hence, the values used as respective inputs for each aircraft in the algorithm are presented in Table 4. It is 
worth remembering that these values come from historical tables mentioned above. 














WAR  7.8 7.8 7.2 7.2 
W  0.75 0.75 0.75 0.75 
W  [°] 22 22 22 22 
we  0.82 0.82 0.83 0.83 
maxL
C  1.7 1.7 1.7 1.7 
HTAR  4.4 4.3 4.1 39 
HT  0.5 0.5 0.5 0.5 
HTV  0.96 0.84 0.60 0.45 
VTAR  1.0 1.4 1.2 1.5 
VT  0.4 0.4 0.5 0.5 
VTV  0.071 0.050 0.030 0.030 
wetS
a  0.2933 0.2933 0.6762 0.6762 
wetS
c  0.5632 0.5632 0.4884 0.4884 
0W





c  -0.20 -0.020 -0.047 -0.047 
W Sa  1.512 1.512 0.408 0.408 
W Sc  0.664 0.664 0.804 0.804 
Ta  0.0116 0.0116 0.0116 0.0116 
Tc  0.4789 0.4789 0.4789 0.4789 
RefWetS S  4.0 4.0 4.5 4.5 
feC  0.055 0.055 0.055 0.055 
1 0W W  0.984 0.984 0.990 0.990 
2 1W W  0.990 0.990 0.992 0.992 
4 3W W  0.992 0.992 0.993 0.993 
6 5W W  0.992 0.992 0.993 0.993 
TOD
a  9.68 9.68 8.23 8.23 
LNDD
a  1.463 1.463 1.524 1.524 
fuselagea  0.4088 0.4088 0.4088 0.4088 
fuselagec  0.3140 0.3140 0.3140 0.3140 
Lx d  8.3 8.3 8.3 8.3 
Nx d  1.3 1.3 1.3 1.3 
Cx d  0.56 0.56 0.56 0.56 
Tx d  2.3 2.3 2.3 2.3 
xR  0.34 0.34 0.25 0.25 
yR  0.38 0.38 0.38 0.38 
zR  0.39 0.39 0.39 0.39 
cleanL
C  1.6 1.6 1.5 1.5 
TOL
C  1.9 1.9 1.8 1.8 
LNDL
C  2.3 2.3 2.0 2.0 
Aileron wing 
Ratio 0.05 0.05 0.07 0.07 
Elevator Tail 
Ratio 0.44 0.44 0.41 0.41 
Rudder Tail Ratio 0.38 0.38 0.36 0.36 
Main gear at mac 0.52 0.52 0.50 0.50 
Nose gear at 
length 0.17 0.17 0.13 0.13 




Besides the inputs from Table 4, the algorithm needed an engine to be considered during the performance 
analysis. Since both aircraft were going to be hybrid, the strategy used here was to get started choosing an electric 
motor instead of a conventional engine. Searching for commercial and available electric motors, the Siemens’ SP260D 
was chosen due to its application in electric aircraft, such as the Extra 330LE, also developed by Siemens. Moreover, 
this electric motor provides 260 kW along with a significant efficiency of 95%, which would be sufficient for both 
aircraft, and weighs only 50 kg, saving a lot of weight. Further details and technical information are available in [16]. 
 
Figure 5: Electric motor SP260D (on the left) and Siemens Extra 330LE (on the right). Source: Endless Sphere. 
Thus, after running the algorithm, it was released the following outputs for each aircraft, shown in Table 5. 










Single engine aircraft 
with conventional tail 
MTOW [kg] 1880.10 1880.10 1466.20 1466.20 
Fuel Weight [kg] 297.60 297.60 233.07 233.07 
Empty Weight [kg] 1183.30 1183.30 833.97 833.97 
Payload Weight 
[kg] 399.20 399.20 399.20 399.20 
Structural Weight 
[kg] 487.97 487.19 433.03 433.14 
Wb  [m] 11.83 11.83 10.74 10.74 
Wr
c [m] 1.73 1.73 1.70 1.70 
Wmac
c  [m] 1.53 1.53 1.50 1.50 
wmac




wS  [m2] 17.94 17.94 16.01 16.01 
cruiseL
C  0.26 0.26 0.22 0.22 
0CD  0.02 0.02 0.02 0.02 
2k  0.05 0.05 0.05 0.05 
wx [m] 2.65 2.72 3.21 3.10 
Service Ceiling [ft] 12000.00 12000.00 12000.00 12000.00 
Mach (cruise) 0.28 0.28 0.28 0.28 
stallV [m/s] 31.96 31.96 29.88 29.88 
1 0W W  0.98 0.98 0.99 0.99 
2 1W W  0.99 0.99 0.99 0.99 
3 2W W  0.89 0.89 0.89 0.89 
4 3W W  0.99 0.99 0.99 0.99 
5 4W W  0.98 0.98 0.98 0.98 
6 5W W  0.99 0.99 0.99 0.99 
Takeoff Distance 
[m] 268.05 268.05 290.45 290.45 
Landing Distance 
[m] 747.39 747.39 680.47 680.47 
Range [km] 1228.00 1228.00 1094.60 1094.60 
ROC [ft/min] 2483.90 2483.90 1377.20 1377.20 
fuselagel  [m] 8.52 8.52 8.52 8.52 
fuselaged [m] 1.70 1.70 1.70 1.70 
HTS  [m2] 7.71 6.75 3.53 3.53 
HTr
c [m] 1.77 1.67 1.16 1.31 
HTb [m] 5.83 5.39 3.80 3.71 
HTmac
c [m] 1.37 1.30 0.95 1.00 
HTx [m] 6.75 6.85 7.36 7.21 
VTS [m2] 4.42 3.11 1.51 1.51 
VTr
c [m] 3.00 2.13 1.58 1.39 
VTb [m] 2.10 2.09 0.87 0.87 
VTmac




VTx [m] 5.52 6.39 6.94 7.13 
.Landing gearx [m] 4.43 4.43 4.26 4.26 
enginey [m] 1.45 1.45 0.00 0.00 
xxI [kg∙m2] 7602.20 7602.20 2640.20 2640.20 
yyI [kg∙m2] 4926.80 4926.80 3842.30 3842.30 
zzI [kg∙m2] 393790.00 393790.00 213500.00 213500.00 
CGx  (empty 
aircraft) [m] 
3.81 3.82 4.15 4.14 
CGx  (loaded 
aircraft) [m] 
3.67 3.68 3.89 3.88 
Sale Price [US$] 1062300.00 1061200.00 893590.00 893750.00 
Operating Costs per 
Year [US$/year] 35092.00 35092.00 33082.00 33082.00 
Operating Costs per 
Hour [US$/hr] 116.97 116.97 116.74 116.74 
 
Thus, gathering the results from Table 5, the following aircraft configurations were obtained and are presented 
in Figure 6. 
 
Figure 6: Sketch of the 4 aircraft released by the initial concept design estimate: (a) twin-engine with T-tail, (b) 
twin-engine with conventional tail, (c) single engine with T-tail, (d) single engine with conventional tail. 
Analyzing the AIAA design requirements with the results from Table 5, the aircraft that best satisfies the 






sufficient power for the aircraft to fly and reaches the required performance. So, it was easy to choose only one engine. 
But for the tail, it goes beyond that. 
The design of an empennage for any aircraft is extremely important, since it affects the aircraft mass and 
center of gravity, i.e., the static and dynamic stability. Then, it is necessary to considerer the effects of both empennages 
arrangement. The conventional tail provides appropriate stability and control, and also leads to the most lightweight 
construction in most cases, so much so that approximately 70% of aircraft are fitted with it [17]. Moreover, for this 
configuration, the stabilizer trim is relatively less complex and the vertical tail is usually larger. However, engines 
cannot be coupled to the rear of the aircraft, what is useful for static stability. Furthermore, spin characteristics can be 
bad in the case of conventional tail due to the blanketing of the vertical tail, in addition to the downwash of the wing 
being relatively large in the area of the horizontal tail. 
On the other hand, the T-tail is heavier than the conventional tail because the vertical tail has to support the 
horizontal tail. However, the T-tail has advantages that partly compensate this important disadvantage (weight). 
Because of the end plate effect, the vertical tail can be smaller. In addition, the horizontal tail is more effective because 
it is positioned out of the airflow behind the wing and is subjected to less downwash. Therefore, it can be smaller. For 
the same reason, the horizontal tail is also subject to less tail buffeting. As the T-tail creates space at aircraft’s rear, 
there is enough space to fix the engines, improving static stability.  
Hence, since the aircraft is going to have a lightweight engine at the nose, considering the information above 
and aiming an easier structural analysis, the conventional empennage was chosen for this aircraft design. 
Thus, at this point an overall configuration for the aircraft had been defined. However, it was necessary to 
improve and refine the aircraft adjusting equations and algorithms for it to become a hybrid-electric one. In other 
words, the performance equations had to be solved using the hybrid-electric architectures, what would imply in new 
results and configurations. But, first of all, the propulsion system architecture had to be determined. 
 
4.2. Hybrid-Electric Aircraft Design 
Several papers indicate the parallel architecture as the most appropriate arrangement for large aircraft due to 
the lower weight associated, since the batteries only feed an electric generator, which helps the main shaft of a turbojet 




the architecture simpler. Therefore, the series-architecture was chosen for the aircraft, since the engine is already an 
electric-motor, requiring only electric power to move it. Figure 7 depicts the propulsion system architecture proposed. 
 
Figure 7: Series-architecture used in both 4PAX and 6 PAX aircraft. 
In the analysis of the participation of each of the energy sources (energy internal combustion (ICE) and 
batteries), it was considered that ICE would be maintained at its optimum rotation speed and would provide a 
"constant" power during takeoff, climb and cruise phases. In this way, as the aircraft requires more power than ICE 
provides, the batteries would be responsible for supplying the remainder of the electrical power, ensuring the operation 
of the electric motor, which is located on the nose of the aircraft. In the loiter and landing phases, the ICE would no 
longer be used. Thus, the motor is fully powered by the batteries. For the architecture above, all efficiencies were 
assumed base on literatures and papers, as presented in Table 6. 
Table 6: Efficiencies for the hybrid-electric propulsive system. 
Efficiency Value 
bat  90%[18] 
inv  95%[19] 
wiring  97%[20] 
cont  99%[21] 
eng  60%[22] 
generator  95%[23] 
em  95%[23] 




Now it is necessary to come up with the new performance analysis. First, the classic Bréguet’s range is 
formulated for a conventional fuel powered aircraft at zero wind conditions, and thrust vector parallel to the airspeed 








=    (2)  
where Tc means the specific fuel consumption.  
The solution to the integral depends on the flying strategy used (e.g., gradual climb at a constant airspeed and 
angle of attack) and the models used to represent the propulsion system and the aerodynamic characteristics. Solutions 
to the most common flying strategies can be found in many standard textbooks on aircraft performance. But, 
fundamentally, these solutions use the idea that weight changes gradually throughout the flight. Therefore, the range 
equation cannot be applied to the hybrid aircraft to be designed here, which uses an electric system (batteries) as energy 
supply. Thus, Voskuijl presents in [25] a new formulation for the range equation relating the energy stored to the 
consumption of a hybrid aircraft with parallel architecture. Since the architecture of both aircraft under analysis here 
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4.3. Design Assumptions 
 Before finishing the concept design, some aspects were added and settled for the development of both aircraft 
(4PAX and 6PAX), such as: typical aircraft mission profile, the batteries and an internal combustion engine (ICE) for 




4.3.1. Typical Aircraft Mission Profile 
Based on historical data, FAR – Part 23 and AIAA specifications, some mission characteristics were chosen 
and are presented in Table 7. The flight level FL120 was chosen to avoid any pressurization issues, since the regulation 
14 CFR 91 requires supplemental oxygen system for aircraft flying over FL120. 
Also, the minimum cruise speed required by the AIAA is 174 knots. Thus, the chosen cruise speed for this 
project was chosen to be 185 knots, since similar aircraft, such as the Diamond DA42, usually fly around this velocity 
during cruise. Besides, the rate of climb of 1500 and 1300 fpm were kept the same as specified, and the rate of descent 
were assumed 900 fpm from trends in [26]. The ranges for both aircraft are also fixed by AIAA and the estimate of 
endurance in cruise is obtained dividing these ranges by the respective cruise speed. Additionally, the total endurance 
is an estimate of the time to reach the AIAA requirements (climb and cruise), the assumptions (descent) and the FAR 
Sec. 125 regulations (taxi, takeoff, approach, loiter and landing). 
Table 7: Chosen mission characteristics for both aircraft design. 
Mission Characteristics 4PAX 6PAX 
Service ceiling [ft] 12000 12000 
Cruise speed [knots] 185 185 
Rate of climb [ft/min] 1500 1300 
Rate of descent [ft/min] 900 900 
Range in cruise [km] 1860 1340 
Endurance in cruise [hr] 5.43 3.9 
Total endurance [hr] 7.22 5.79 
 
Thus, evaluating the time spent during all phases of flight, reaching the parameters in Table 7, typical flight 
mission for the 4PAX and 6PAX aircraft regarding altitude and flight time are shown in Figures 8 and 9, respectively. 
The percentage values are related to the total time spent on the mission, which was calculated as it follows. 
 For 4PAX, for example, during taxi and takeoff, it was considered that the aircraft usually spend a time of 15 
minutes. Next, climbing from 0 ft to 12000 ft at a rate of 1500 fpm would take 8 minutes to reach that altitude. For 
cruise phase, and flying at 185 knots, it would take about 5 hours to reach the specified range of 1860 km. Moreover, 
it was considered a descent and approach in 50 minutes, and 15 minutes for landing. Summing up all those values, the 





Figure 8: 4PAX aircraft typical flight mission. 
 
Figure 9: 6PAX aircraft typical flight mission. 
 
4.3.2. Battery Design 
 The choice of batteries to be used in the aircraft hybrid system was based on the estimates proposed by 
Hepperle [42] and Girishkumar [43] for the technology available in 2025, which are shown in Table 8. The theoretical 
specific energy values are not truly feasible in actual applications. The amount of energy that the batteries are able to 
provide are much less than the expected. In other words, there is an efficiency associated to these chemical reactions 
involved. Thus, when choosing a battery system, it is very important to consider these effects. 
Table 8: Specific energy density of current and future chemical battery systems [27]. 
System Theoretical specific energy density Actual battery energy density expected in 2025 
Li-Ion 390 Wh/kg 250 Wh/kg 
Zn-O2 1090 Wh/kg 400-500 Wh/kg 
Li-S 2570 Wh/kg 500-1250 Wh/kg 


























































 Later, it was performed an assessment of the feasibility of using such batteries in both aircraft in 2028, as 
required by AIAA specifications. According to Bruce [28] and Ji [29], the researches with Li-S and Li-O2 batteries are 
in full development and implementation. However, the reliability and safety of these types of batteries are still 
unknown, which makes them unviable for aerospace applications expected in 2028. 
 On the other hand, Zn-O2 batteries have been developed since the 1960s and already have medical and 
telecommunication applications [30]. In addition, companies such as Teck Cominco Metals Ltd.® and Tesla Motors, 
Inc.® hold patents for the application of this type of battery in the automotive industry [31,32]. Thus, due to its energy 
density (higher than for Li-Ion), maturity of their behavior and safety, which is crucial for aerospace applications, the 
type of battery chosen for both aircraft was the Zn-O2. Using a more conservative approach, the energy density that 
will be considered for this battery will be 400 Wh/kg. 
 
4.3.2. Internal Combustion Engine (ICE) 
To choose an internal combustion engine (ICE) that better fits the aircraft selected in Section 4.1, it was 
compared the viability of two turbo-engines. The first one is a 4-cylinder engine with rated power below the power 
required for cruising (145 kW) and climb (215 kW), while the second one is a 6-cylinder engine with power output 
greater than those required in both cruise and climb conditions. Table 9 shows the main characteristics of each ICE. 
Table 9: Main characteristics of Austro AE330 and Lycoming IO-580 engines. 
Characteristic Austro AE330 Lycoming IO-580 
Number of Cylinders 4 6 
Rated Power [kW] 134 220 
Mass [kg] 186 201 
Dimensions [m] 0.74 x 0.85 x 0.57 0.99 x 0.87 x 0.53 
Fuel consumption [kg/hr] 31.20 47.68 
The degree of hybridization was considered so that the ICE used its maximum capacity during taxi & takeoff, 
climb and cruise phases. For the remaining phases, aiming to reduce noise during approach, loiter and landing, the ICE 
would stay in idle, and all the power required for that phase would be supplied by the batteries. 
To estimate the amount of battery required in each phase of flight, it was considered the typical mission from 
Figure 8. Thus, during takeoff + climb phase, the aircraft would require from the electric motor about 228 kW of power 
to reach the rate of climb specified. To provide that 228 kW to the electric motor, the ICE Austro AE330 would provide 




considering the efficiencies of the architecture. Considering a takeoff + climb of 8 minutes (i.e., 0.13 hr) and an energy 
density of 400 Wh/kg for the batteries, it would be necessary 33.15 kg of battery for that phase of flight. Since the fuel 
consumption of the ICE Austro AE330 is 31.20 kg/hr, for the same time spent, it would be necessary 4.06 kg of fuel. 
Similarly, the other phases of flight were evaluated. 
 Table 10 shows the comparison of the 4-cylinder engine with the proposed hybridization, and Table 11 shows 
a 6-cylinder engine with a higher power than required and without hybridization. 
Table 10: 4-cylinder engine with proposed hybridization. 
Phase of Flight S (degree-of-hybridization) Time [hr] Battery Weight [kg] Fuel Weight [kg] 
Takeoff + Climb 0.4126 0.13 33.15 4.06 
Cruise 0.1092 5.52 226.62 172.41 
Loiter 1.0000 0.50 46.83 0.00 
Descent + Landing 1.0000 0.22 20.81 0.00 
TOTAL - 6.37 327.41 176.47 
Table 11: 6-cylinder with higher power required and without hybridization. 
Phase of Flight S (degree-of-hybridization) Time [hr] Battery Weight [kg] Fuel Weight [kg] 
Takeoff + Climb 0.0000 0.13 0.00 6.32 
Cruise 0.0000 5.52 0.00 266.48 
Loiter 0.0000 0.50 0.00 23.68 
Descent + Landing 0.0000 0.22 0.00 10.52 
TOTAL - 6.37 0.00 307.01 
Analyzing costs, the 4-cylinder engine has an estimated cost of US$106.64 in fuel [33] and US$25.84 for the 
total recharge of the batteries [34], resulting in a total cost of US$132.48 per flight, while the 6-cylinder engine has a 
total cost of US$185.42 per flight. 
Therefore, there is a saving of US$52.94 per flight when using the Austro AE330 engine. In addition, the 4-
cylinder engine is 38 kg lighter and has a 27% lower volume than the 6-cylinder engine, which justifies its application 
in conjunction with the hybridization of the aircraft. 
 
4.4. Genetic Algorithm Implementation 
In Section 4.1, it was estimated an initial definition for the main characteristics of both aircraft. Next, it was 




optimization to vary those characteristics and find better configurations for both aircraft, increasing efficiency and 
saving weight. Thus, after formulating the new range equation for hybrid-electric aircraft, an optimization algorithm 
was implemented in Matlab to find the best aircraft configuration.  
The type of optimization implemented was based on the differential evolution algorithm proposed by Rainer 
Storn [35]. In this method, 300 generations were created, where each generation contained 10 members per population. 
However, because of the several iteration variables, the genetic algorithm requires too much processing, which 
generates a huge computational cost, spending many hours to reach the final result. In this case, for example, it took 
an average of 15 hours to end the optimization, which justifies the low value of 10 members per population. 
The input variables for the objective function were generated based on the values of geometry, weight and 
performance from the results presented in Section 4.1. Table 12 shows the maximum and minimum values used in 
each optimization variable.  
Table 12: Maximum and minimum values for each optimization variable. 
Parameter Max Min 
Takeoff Engine Power [kW] 200.000 260.000 
Climb Engine Power [kW] 200.000 260.000 
Wing position along the aircraft’s longitudinal axis [m] 3.238 5.397 
Wing span [m] 8.033 13.388 
Wing root-chord [m] 1.313 2.188 
Wing taper ratio 0.525 0.875 
Wing swept angle [°] 0.000 10.000 
Wing breaking-point [m] 1.339 2.231 
Wing dihedral [°] 0.000 5.000 
Wing incidence angle [°] 0.000 3.000 
Wing twist [°] 0.000 3.000 
Wing profile 1.000 5.000 
Horizontal tail span [m] 1.134 1.890 
Horizontal tail taper ratio 0.525 0.875 
Horizontal tail root-chord [m] 0.794 1.324 
Horizontal tail swept angle [°] 0.000 5.000 
Horizontal tail profile 1.000 3.000 
Vertical tail span [m] 1.126 1.876 




Vertical tail root-chord [m] 0.883 1.472 
Vertical tail swept angle [°] 0.000 5.000 
Vertical tail profile 1.000 2.000 
Fuel Weight [kg] 54.348 380.437 
Thus, the genetic algorithm used these inputs to find the best configuration option for the aircraft, meeting 
the AIAA requirements and achieving a lower gross weight as optimization variable. Different airfoil profiles were 
used for the objective function to be used in the wings and empennage. All of them were also optimization variables: 
• Wing: NACA 23010, NACA 23012, NACA 23015, NACA 23016 and NACA 63415; 
• Horizontal Tail: NACA 0012, NACA 0009 and NACA 2412; 
• Vertical Tail: NACA 0012 and NACA 0009. 
For the trimming, aerodynamics and dynamics stability analyses, it was necessary to use a program to aid in 
the process. For this genetic algorithm, the chosen program was the AVL (Athena Vortex Lattice). An example of how 
the AVL deal with aircraft geometries is presented in Figure 10. 
 
Figure 10: 4PAX aircraft AVL model. 
Therefore, the AVL provides aerodynamics and stability results to the genetic algorithm. In addition, it is 
possible to calculate the performance characteristics using the hybridization ratios. So, it compares these values to the 
specified criteria shown in Table 13. 
During the optimization, if the aircraft do not meet all the criteria presented, a penalty is added to an 
optimization variable. Thus, these aircraft with penalties are discarded over time by the objective function. 
Figure 11 shows the flowchart used in the optimization process described above. The numbers in the process 




Table 13: Specified criteria for genetic algorithm. 
  4PAX 6PAX 
  Min Max Min Max 
Geometrical 
WAR  - 13 - 13 
HTAR  - 7.5 - 7.5 
VTAR  1.5 5.5 1.5 5.5 
Performance 
Takeoff Length [m] - 457.20 - 548.64 
Landing Length [m] - 457.20 - 548.64 
Rate of Climb [ft/min] - 1500 - 1300 
Angle of Climb [°] 5 30 5 30 
Range [km] 1852 - 1389 - 
maxE  10 20 10 20 
Stability 
mc   - -0.40 - -0.40 
Static Margin 10 40 10 40 
Trimmed Angle of Attack [°] 0 5 0 5 
Elevator Deflection for Trimmed Condition [°] -10 10 -10 10 
nc   0.05 - 0.05 - 
lc   - -0.04 - -0.04 
 




Table 14: Variables used in the genetic algorithm and represented in Figure 11. 
Variable Description 
1 Wing and Empennage Positions 
2 Wing, Empennage and Fuselage Dimensions 
3 Wing and Empennage Sweep, Dihedral, Incidence, Twist Angles and Profiles 
4 Sea Level Condition 
5 CG Position 
6 Flap and Control Surfaces Dimensions 
7 Flap and Control Surfaces Positions 
8 MTOW 
9 Moment of Inertia 
10 Engine Power/Consumption and Fuel Weight 
11 Wing and Empennage CL  
12 Non-trimmed Drag Polar 
13 Wing and Empennage Cm  
14  ailerondCl  and  rudderdCl  
15  ailerondCn  and  rudderdCn  
16 Cn  and Cl  
17  elevatordCL  and  elevatordCm  
18 Structural Weight 
19 Full Aircraft Cm  
20 Empty and MTOW Static Margins 
21 Longitudinal Trim Conditions 
22 Lateral–Directional Trim Conditions 
23 Range 
24 Endurance 
25 Rate of Climb 
26 Takeoff and Landing Length 
27 Service Ceiling 
28 Sale Price 
29 Operating Costs Per Year 
30 Operating Costs Per Hour 
31 Trimmed Drag Polar 
Finally, the genetic algorithm released an optimized aircraft configuration, which satisfies all requirements 
for the 4PAX configuration. However, this aircraft had to be modified in order to better fit the 6PAX arrangement. A 
length of 0.75 m was added in the passenger cabin to accommodate the two extra passengers, in addition to the increase 




the wing was assumed to be the same. Therefore, the final configurations for both aircraft generated by the genetic 
algorithm are presented in Table 15. The CATIA models for both configurations are shown in Figure 12. 
Here it is possible to evaluate the commonality of both aircraft. Since they have the same wing, propulsion 
components (ICE, electric motor, batteries), and part of the fuselage, the commonality of by weight obtained is 96%, 
which minimizes the development, certification, and manufacturing costs a significant amount. 
 
Figure 12: 4PAX aircraft CATIA model. 
Table 15: Final optimized configurations for both hybrid aircraft. 
  4PAX 6PAX 
Weight 
MTOW [kg] 1855.10 1966.20 
Fuel [kg] 176.57 130.63 
Empty [kg] 1279.30 1236.80 
Payload [kg] 399.20 598.80 
Structural [kg] 474.38 497.50 
TZFW [kg] 1713.80 1861.70 
Battery [kg] 370.63 309.71 
Wing 
Wb  [m] 13.38 13.38 
Wr
c  [m] 1.31 1.31 
Wmac
c  [m] 1.19 1.19 
WAR  12.84 12.84 
W  0.70 0.70 
W  [°] 0.080 0.080 
wS  [m2] 13.95 13.95 
maxL
C  1.51 1.51 
0D
C  0.024 0.024 




wx  [m] 2.88 3.52 
Y-Position Break [m] 3.61 3.61 
W  [°] 4.70 4.70 
wi  [°] 2.00 2.00 
maxL
C  with take-off flap 2.00 2.00 
Performance 
Maximum Celling [m] 5486.40 5486.40 
cruiseV  [m/s] 94.14 94.14 
cruiseM  0.28 0.28 
/T W  0.11 0.10 
stallV  [m/s] 33.20 34.18 
Takeoff Distance [m] 442.16 533.62 
Range [km] 1869.80 1404.00 
Landing Distance [m] 442.16 533.62 
ROC [ft/min] 1558.50 1311.90 
Takeoff Angle [°] 9.83 7.96 
Fuselage 
Length [m] 8.12 8.87 
Cabin [m] 2.40 3.15 
Nose [m] 2.21 2.21 
Tail [m] 3.51 3.51 
Cabin Diameter [m] 1.70 1.70 
Horizontal Tail 
HTS  [m2] 2.23 1.84 
HTAR  6.31 5.36 
HTr
c  [m] 0.76 0.75 
HT  0.57 0.55 
HTV  0.65 0.52 
HTb  [m] 3.75 3.14 
HTmac
c  [m] 0.59 0.59 
HTx  [m] 7.58 8.11 
HT  [°] 0.00 0.00 
Vertical Tail 
VTS  [m2] 0.84 0.63 
VTAR  3.27 4.27 
VTr
c  [m] 0.70 0.54 
VT  0.44 0.41 
VTV  0.022 0.016 
VTb  [m] 1.66 1.64 
VTmac
c  [m] 0.50 0.38 




VT  [°] 0.00 0.00 
Control Surfaces 
Aileron Root Chord [m] 0.31 0.31 
Aileron Tail Chord [m] 0.29 0.29 
Aileron Span [m] 0.50 0.50 
Y-position Aileron [m] 5.99 5.99 
Elevator Root Chord [m] 0.19 0.18 
Elevator Tail Chord [m] 0.11 0.10 
Elevator Span [m] 3.75 3.14 
Rudder Root Chord [m] 0.35 0.27 
Rudder Tail Chord [m] 0.16 0.11 
Rudder Span [m] 1.66 1.64 
Landing Gear 
.Landing gear Nosex −  [m] 1.11 1.15 
.Landing gear Mainx −  [m] 4.26 4.43 
Electrical Engine 
Takeoff Power [kW] 240.00 230.00 
Climb Power [kW] 228.12 216.99 
Cruise Power [kW] 150.43 151.04 
Descent Power [kW] 24.56 31.98 
prop  0.85 0.85 
Center of Gravity 
Empty CGx  [m] 3.21 3.73 
MTOW CGx  [m] 3.35 3.96 
TZFW CGx  [m] 3.30 3.92 
Stability 
nc   0.054 0.066 
lc   -0.11 -0.11 
mc   -0.38 -0.42 
Empty Static Margin 35.15 32.63 
MTOW Static Margin 16.72 12.89 
Trim Angle [°] 2.58 2.89 
Elevator Trim Deflection [°] -1.79 -1.13 
 
4.5. Aircraft of Comparable Role and Configuration 
 Searching for other aircraft of the same category, it was found models such as the Cessna TTx, Cirrus SR22 
and Diamond DA42. These aircraft present similar characteristic to the hybrid-electric aircraft designed here. As an 
exemplification, they are compared to the hybrid-electric aircraft of 4PAX in Table 16. In addition, they are placed 







Table 16: Aircraft of comparable role and configuration. 
Characteristics Diamond DA42 Cirrus SR22 Cessna TTx Hybrid 4PAX 
Wing span [m] 13 11 11 13.38 
Fuselage length [m] 8.56 8.28 7.68 8.12 
Height [m] 2.49 2.72 2.74 2.96 
Range [km] 1693 1289 2352 1875 
Endurance [hr] 8.8 4.5 5.25 7.22 
Cruise speed [km/h] 326 226 435 343 
Takeoff field [m] 776 600 390 442 
Landing field [m] 620 620 805 442 
MTOW [kg] 1999 1111 1633 1855 
Passengers 3 3 3 3 
Fuel [kg] 231 220 280 176 
Service ceiling [m] 5500 4100 7620 3660 
Climb Rate [ft/min] 1337 720 1400 1559 
 
Figure 13: Aircraft of comparable role and configure overpainted. 
 Therefore, the aircraft developed in this work meet the AIAA requirements and also is competitive in the 
aviation market. Since it presents good general and performance characteristics, its main differential certainly would 
be lower fuel consumption because of the hybrid-electric system on board, attracting new customers. The aircraft 
presents a longer and larger nose compared to the other aircraft because all the propulsive system, which includes 
batteries, inverter, ICE, generator, controller and electric motor, was assumed to be placed at the front of the aircraft. 
Due to its similarity, that “big” nose inspired the name of the aircraft: Dolphin. Thus, the aircraft of 4 passengers was 




5. Aerodynamic Analysis 
The goal of the aerodynamic design was to find the best compromise between drag and lift, especially to the cruise 
phase by ensuring a high lift to drag ratio to maximize the range of the aircraft and to reduce the battery’s weight. 
Some challenges were initially identified by the aerodynamic sector in reason of some conflicting requirements of 
the spec. The requirements are:  
• High minimum climb rate of 1500 ft/min; 
• Same wing geometry to both aircraft to ensure high commonality (imposed by the team); 
• Considerable battery weight to sustain a minimum cruise speed of 174 knots. 
 
5.1. Conceptual Aerodynamic Design 
5.1.1. Wing Planform 
The first step was the determination of the wing planform to be used in both aircraft, and some initial 
considerations about the structural twist and aerodynamic tailoring to guarantee good spanwise lift distribution to 
minimize the induced drag factor (K). 
Firstly, some aircraft with fairly recent designs were analyzed to study the aspect ratio tendency. Eight aircraft 
were considered: DA-42, DA-62, Cirrus SR22, Cessna TTx, Bonanza S35, Piper Seneca, Cessna 206 and the Cessna 
210. The geometric characteristics of the eight wings are shown in Table 17.   
Table 17: Wing characteristics of similar aircraft. 









DA-62 2012 14.57 17.1 12.41 
DA-42 2002 13.56 16.3 11.29 
Cirrus SR22 2001 11.68 13.5 10.11 









Piper Seneca 1971 11.96 19.3 7.38 
Cessna 206 1962 10.92 16.3 7.32 
Cessna 210 1957 11.2 16.2 7.73 
Bonanza S35 1947 10.21 16.8 6.21 
Due to the high climb rate imposed by the spec, a range including high values for aspect ratio, as the more 
recent aircraft shown in Table 17, was considered. The choice for a high aspect ratio is beneficial due to good glide 




range for AR between 12 and 13.5. Although high AR leads to low flutter velocities, this characteristic is not critical 
to this project since the flight regime is below Mach 0.4.    
With the goal of ensuring low manufacturing cost, elliptical planforms were eliminated, moreover excluding 
unfavorable stalling characteristics presented in these types of geometry. Therefore, only aerodynamic surfaces defined 
by terms of straight lines were considered and three configurations: rectangular tapered, double tapered and triple 
tapered were pondered.         
According to Thomas [F. Thomas, 1984] the combination of trapezoidal section together with the appropriate 
distribution of structural twist can produce a planform that performs nearly as well as an elliptical distribution, 
overcoming the stalling problems. Thomas states that a double tapered wing with −3° twist in the outer section seems 
to offer the best compromise, which can be seen in Figure 14. These results were obtained for 𝐴𝑅 = 25 but vary little 
with aspect ratio. Thus, a structural twist of −3° was assumed.  
 
Figure 14: Effect of wing planform and twist on induced drag [F. Thomas]. 
Thomas in his book also states that both theoretical investigations and practical experience suggest that a 
double tapered wing having a taper ratio of 0.4:0.8:1 and a taper break at y/s = 0.6 yields especially good results. Triple 
tapered wings have featured only designs where there is an intense need for better approximate of an elliptical 
planform, as can be seen in some sailplanes, such as the Discus, ASH 25 and Nimbus 4. To continue ensuring low 
manufacturing costs, a double taper configuration was assumed to be enough to ensure good lift distribution.   
Still analyzing Table 17, it is possible to observe a tendency for wing area in the range of 13 to 17 m2 for more 




materials, which leads to low empty weight, a decision for a small wing area was taken. A small range of 13.5 to 14 
m2 was assumed for the wing area. The maximum wing root chord was also limited to 1.4 m, in order to reduce the 
percentage of the turbulent boundary layer over the chord of the entire wingspan. This decision was based on light 
aircraft that have used this strategy to keep as much laminar region as possible to reduce drag.   
So far, it has been determined the range for the wing’s aspect ratio, the structural twist, the number of sections 
of the wing, wing area and an initial idea about how the taper ratio and break point can occur. Table 18 shows all the 
ranges for the wing’s characteristics.  
Table 18: Wing characteristics and range of variables 
Characteristic Value Unit 
AR 12 - 13.5 ---  
Twist 3 ° 
Area 13.5 - 14 m² 
Number Sections 2 ---  
Max Chord 1.4 m 
Taper Double tapered ---  
Taper Brake Point 0.6 y/s 
 
5.1.2. Airfoil Section  
The selection of the airfoils was done considering the following requirements:  
• to exhibit low drag in high-speed flight (low lift coefficient); 
• to provide a high maximum lift coefficient for low landing and takeoff speeds; 
• to contribute to gentle stall characteristics; 
• to be as thick as possible to allow deep spars and high torsional stiffness; 
The last three requirements do not conflict and are easy to solve by using thicker airfoils, which tend to be 
superior in low-speed flight; however, the first requirement is usually solved by adopting thin airfoils and increasing 
performance at high speeds. Although the four requirements are conflicting, relatively good performance can be 
reached by balancing out thin and thick airfoils at certain regions of the wing.    
The choice of airfoils was thought so that flow separation occurs first on the inboard sections of the wing. 
This prevents premature loss of aileron control and reduces the tendency of the aircraft to fall off on one wing and 
enter into a spin. To solve this problem, the incidence of the wing’s root airfoil had to be set so that the maximum lift 




Although it was stated that a taper ratio of 0.4:0.8:1 yields especially good results for lift distribution 
(elliptical), the CL-distribution of rectangular tapered wing gives the best stalling behavior. Nonetheless, having an 
elliptical wing geometry makes the 𝐶𝐿𝑚𝑎𝑥  to be reached along the entire wing all at once, and the stall characteristics 
may be problematic. This way, the final taper ratio of the wing is still open and might be a little different of 0.4:0.8:1.  
To improve the stall characteristics of the double tapered wing, different airfoils were considered. In this 
respect, the airfoils, especially in the outer wing, was selected to gentle trailing edge stall behavior.  
Considering the MTOW of both aircraft, 1855 kg for the Dolphin 4000 and 1966 kg for the Dolphin 6000 
(see Table 15 in Section 4.4), and taking into consideration the atmospheric conditions at 12000 ft, the 𝐶𝐿𝑐𝑟𝑢𝑖𝑠𝑒 is 
around 0.38 for the Dolphin 4000 and 0.40 for the Dolphin 6000 for minimum cruise velocity.      
Based on the family of airfoils of some similar aircraft and on the considerations made before, airfoils NACA 
five-digit and 6-series were selected to further study of the aerodynamic characteristics. An especial attention was 
given to the airfoils of the five-digit family due to the big experimental data available [Abbot & Doenhoff] that match 
close Reynolds number of the mean aerodynamic chord of the wing at cruise speed.  
Table 19 shows some characteristics of eight airfoils for two Reynolds numbers, four of them thought to the 
inner sections of the wing and the last four to the outer sections. Almost all airfoils chosen were designed to have lift 
coefficient of 0.3. Although the lift coefficient of the aircraft is closer to 0.4 than it is to 0.3, such decisions were based 
on the fact that at least 10% of the total lift of the aircraft will come from the fuselage for cruise configuration.  
Table 19: Airfoil’s characteristics. 







𝑪𝒅 LE radius 
N23015 Root 0.3 1.5 1.7 -0.03 0.0059 2.48% 
N23016 Root 0.3 1.78 1.85 -0.01 0.0060 2.82% 
N64415 Root 0.4 1.48 1.6 -0.3 0.0050 1.59% 
N63415 Root 0.4 1.53 1.63 -0.3 0.0052 1.59% 
N23010 Tip 0.3 1.71 1.82 -0.01 0.0054 1.10% 
N23012 Tip 0.3 1.6 1.72 -0.04 0.0050 1.58% 
N64210 Tip 0.2 1.35 1.41 -0.18 0.0043 0.72% 
N64212 Tip 0.2 1.4 1.45 -0.18 0.0045 1.04% 
The analysis of the airfoils from Table 19 reveals that though the NACA 6-series presents smaller values of 
drag coefficient than the NACA five-digit, due to the laminar bucket, the small leading-edge radius leads to lower 




Farokhi]. Furthermore, the 6-series airfoils produce considerable aft load if compared to the five-digit family, which 
requires larger horizontal tails; consequently, more drag can be generated when considering the entire aircraft. 
Although the drag coefficients are slightly higher for the five-digit, the good surface quality offered by the carbon fiber 
together with a good manufacture precision can help to reduce the friction drag. Therefore, the airfoils NACA23016 
and NACA23015 were considered to the inner sections of the wing and the airfoils N23012 and NACA23010 to the 
outer sections. 
 
5.1.3. Optimization of the Wing Planform  
To determine the final planform of the wing, an advanced differential evolution algorithm was used. In this 
process, modules of performance, stability & control and aerodynamics (coupled with the AVL software) using Matlab 
was employed to help meet all the criteria imposed (climb ratio, range, etc.). The range of all parameters and goals of 
the optimization process are shown in Table 20.     
Table 20: Optimization range of all parameters and optimization goals 
Variable Lower Limit Upper Limit Unit 
AR 12 13.5 --- 
S 13.5 14.5 m² 
𝒄𝒓𝒐𝒐𝒕 1.2 1.4 m 
Structural Twist -3 -3 º 
Taper 0.4:0.7:1 0.7:0.8:1 --- 
Taper Break Point 0.45 0.65 --- 
Variable Goals  
Aerodynamic Eff. >13.5 --- 
𝑪𝑳𝒎𝒂𝒙  w/o flaps minimum 1.7 --- 
𝑪𝑳𝒄𝒓𝒖𝒊𝒔𝒆 0.38 (D4000) & 0.40(D6000) --- 
Cruise Velocity > 174 Knots 
 
The optimization process was repeated several times to ensure that the same solution was reached at the end 
of each run. The final geometry was later analyzed using other potential solvers such as the Non-Linear Lifting Line 
coupled with viscous corrections to check the aerodynamics coefficients obtained using AVL. The final planform of 






Figure 15 - Final wing planform 
5.2. High Lift Devices  
In order to fulfill the requirements stipulated by performance sector, a flap was designed to reach 𝐶𝐿𝑚𝑎𝑥   of 
2.14. The main idea was to introduce the structure only in the first section of the wing to reduce the manufacturing 
complexity and with 20% of the local chord.  
The theory of lift induced by partial span flaps below stall presented by Roskam was used to verify the 𝐶𝐿 
increase due to the chosen flap. The 𝐶𝐿 increase should be enough to achieve the ratio of climb specified previously 
and to land at low speeds. ∆𝐶𝐿 was estimated using the Lowry and Polhamus's method and reached a value of 0.47 for 
a small deflection of 15°, which is high enough to provide the lift requested.    
 
5.3. Fuselage 
The design process of the fuselage, as mentioned before, had the goal of producing at least 10% of the total 
lift of the aircraft during cruise flight. Besides that, the right position of all internal components had to be ensured to 
guarantee correct CG location with an external shape that generates minimal drag force. 
A design close to a slender shape was thought to reduce the drag coefficient by avoiding any detached flow 
over the entire fuselage and without impairing visual capacity inside the cockpit. The initial design was based (inspired) 
on the aircraft Pipistrel Panthera. The sketch of the fuselage is shown in Figure 16.       
 




5.4. CFD Analysis 
To better analyze the flow characteristics and take into consideration the boundary layer and turbulence 
effects, some computation fluid dynamics simulations (CFD) were performed using the complete aircraft geometry. 
The two-equation model k-epsilon, one of the most traditional turbulence models still in use, was employed in Ansys 
Fluent® solver. This model was chosen due to a better facility of convergence and lower computational cost inherent 
to its numerical methodology. Besides that, the k-epsilon turbulent model allows us to work in the log-law region 
(30<Y+<300), requiring meshes with less prism layer elements at the wall. In reason of large pressure gradients and 
possible detached flow at high angles of attack (AoA), the options Realizable (RKE) and Non-equilibrium wall function 
were applied. The scheme couple (pressure-velocity) together with the pseudo transient option were used to speed up 
(accelerate) convergence. 
All the unstructured meshes produced using the software Ansys ICEM® contained around 4.7 × 106 
elements, most of them tetra elements. The size of the domain was 150x100x50 mean aerodynamic chords to avoid 
wall interference even though symmetry condition was set on some walls. The maximum stretching ratio was 5.45 to 
ensure good mesh quality and 8 prism layers were used to keep Y+ between 30 and 300. Figure 17 shows some mesh 
characteristics in more detail.           
 
Figure 17: Mesh details. 
5.4.1. CFD Optimization 
Although the criteria for aerodynamic efficiency had been reached during the optimization process using the 




calculations and enough detail about the flow field. Hence, some CFD simulations, especially at cruise speed 
configuration, were performed to identify possible regions subject to modifications to increase even more the 
aerodynamic efficiency. All the simulations were performed using the software Ansys Fluent. 
    
5.5. Interference Drag – Wing Fuselage 
The initial CFD results revealed that the lift to drag ratio was smaller than the one predicted by AVL due to a 
considerable region of separation caused by the interference of the boundary layer of the wing root with the one of the 
fuselage, causing a wake that propagates over the aft part of the fuselage, resulting in additional pressure drag 
(interference drag). The angle between the root upper wing surface and the fuselage’s wall contributes significantly to 
this interference drag [F. Hoerner, 1965], since the angle was considerably smaller than 90 degrees, increasing the 
separation in the narrowed area. Figure 18.a shows the detached streamlines at this region for cruise condition.  
To solve this problem, five optimization runs were conducted using the adjoint solver and taking the drag 
force as an observable variable. The final geometry presented a reduction of drag coefficient of 5.1% and increased 
the lift to drag ratio in 11.5%, bringing it to 13.58. The lift coefficient was also increased by 6.1% due to the flow 
reattachment and the aircraft passed to fly at 2.3° of AoA with the fuselage producing 11.2% of the total lift. Figure 
18.b shows the final result during cruise condition for the aircraft Dolphin 4000. 
 






Although the aerodynamic efficiency had reached the target value of 13.58, the CFD simulations did not take 
into consideration the drag caused by the presence of gaps at the surfaces. To account for this portion of drag force, 
the actual drag coefficient was increased by 8%. Notwithstanding some references that suggest an increase of 10%, a 
smaller percentage was considered since the aircraft was manufactured almost entirely employing composite materials, 
which guarantee good surface quality and brings the number of exposed rivets almost to zero. Therefore, there was 
still a need for increasing the aerodynamic efficiency of the aircraft.  
In order to satisfy the need for a higher aerodynamic efficiency, four types of wingtip devices were analyzed 
aiming to reduce the induced drag, which is mostly generated by the wingtip vortices. The first geometry was just a 
“smoothing” of the wingtip, an attempt to avoid the boundary layer detachment caused by the sharp edges. 
Furthermore, winglets were analyzed with geometries based on shapes often used in the industry. Three different 
geometries were then created by changing the tip chord, height and curvature radius, in order to gain the best ratio 
between surface friction area increase and vortex reducing. All the four geometries were drawn on CATIA, as shown 
in Figure 19.  
 
Figure 19: Four geometries analyzed. 
The visual post-processing of the results was done using the ANSYS CFS-POST software, and to save a lot 
of visual information, only the result of the winglet B, which produced the best results, is presented here. In order to 
verify the presence of vortices, the CFD-POST visualization method called vortex core region was used. Figure 20 
shows a large presence of vorticity in the geometry without wingtip and a considerable reduction of this parameter in 





Figure 20: Vorticity distribution without the wingtip (left) and with the wingtip(right) 
The final aerodynamic efficiency for the Dolphin 4000 was 14.8 not considering the losses caused by 
imperfections at the surfaces and 13.7 after accounting the 8% of additional drag.  
 
5.7. Final Drag Polar  
Figure 21 shows the final drag polar already corrected with 8% of addition drag to account for surface gaps 
and imperfections for the Dolphin 4000 and 6000. It is possible to observe that both aircraft flight in the region close 
to the maximum aerodynamic efficiency using the same wing planform and airfoils, which contributes to ensure high 
commonality and low manufacturing costs. 
 




6. Performance Analysis 
6.1. Take-off analysis 
The takeoff analysis was performed with the following characteristics: aircraft in its MTOW and using both 
ICE and battery bank. At first, the analysis of the obstacle of 50 ft that the aircraft must overcome will be done 
separately.  
The 4PAX and 6PAX aircraft will climb at an approximate angle of 9º and 8º, respectively, as it will be 
demonstrated in this report in the following sections. Therefore, to overcome the 50 ft obstacle they will need, 
approximately, 282 and 256 ft (86 and 78 m) of runway. As both aircraft have been requested to takeoff using less than 
1500/1800 ft (457.2/548.6 m), there is a length of ground takeoff left for the aircraft of 1218/1544 ft (367/470 m). 
Using the equations of the literature for ground takeoff and assuming that the takeoff velocity is approximately 
1.2 of stall velocity (historical trend of aircraft), the following graphs are given for the takeoff of the 4 and 6 PAX 
aircraft, varying the altitudes. 
 
Figure 22: Required thrust vs. required takeoff runway. 4PAX (on the left) and 6PAX (on the right). 
To accomplish the requirements of the specifications, it is possible to note from the graphs above (Figure 22) 
that the 4PAX aircraft needs 224 kW (sea level + 18 °F) and 259 kW (1500 m ~ 5000 ft) of power during take-off; for 
the 6 PAX aircraft, it is necessary 205 kW (sea level + 18 °F) and 237 kW (1500 m ~ 5000 ft). If the total power (260 
kW) is used, the 4 PAX aircraft can take off at sea level + 18 °F using 317.5 m, while the 6 PAX a value of 367.2 m. 




The analysis for a grass runway is similar, changing only one variable in the literature equations (precisely 
the variable that represents the runway friction coefficient). The results for this kind of runway are: 4 PAX – 262 kW 
(sea level + 18 °F)/301 kW (5000 ft); 6 PAX – 251 kW (sea level + 18 °F)/288 kW (5000 ft). 
Thus, it is possible to conclude that the projected aircraft fulfill the design requirements, since the electric 
motor chosen in the conceptual design has the desired power for taking off.  
As shown in the conceptual design, it was decided that the optimal hybridization for the aircrafts during 
takeoff is 42%, however the graphs of Figure 22 show that the aircraft operator is allowed to vary that hybridization if 
desired and depending on the type operation. 
 
6.2. Aircraft climb 
 The climb analysis was performed with the following characteristics: aircraft using only 0.8% of the fuel 
during takeoff, and using ICE and electric batteries. 
 To make the analysis easier, two dimensionless parameters were included, which are: 
1- 𝝀 = 𝜼 ∙ 𝑷
𝑫𝒎𝒊𝒏∙𝑽𝑴𝑫
 (𝝀 is maximum when the power is maximum); 




• 𝜼 = propeller efficiency = 0.85 (as determined in the conceptual design); 
• 𝑷 = Total power 
• 𝑽 𝑴𝑫 = Minimum drag velocity, 𝑉𝑀𝐷 =  √(
2∙𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑤𝑒𝑖𝑔ℎ𝑡




 , where K and 𝐶𝐷𝑂 coming from the drag 
polar; 
•  𝑫𝒎𝒊𝒏 = Minimum drag that the aircraft can suffer (constant = 0.5 ∙ 𝜌 ∙ 𝑉𝑀𝐷 ∙ 𝑊𝑖𝑛𝑔 𝐴𝑟𝑒𝑎 ∙ 2 ∙ 𝐶𝐷0). This value 
is constant due to the fact that the density of the equation will cancel out with the density coming from the 
minimum drag velocity. For the 4 PAX aircraft 𝐷𝑚𝑖𝑛  = 995 N, while for the 6 PAX 𝐷𝑚𝑖𝑛  = 1054.6 N; 
 Using the literature for an aircraft climb, the following charts of sea level + 18 °F climb for the 4PAX (Figure 





Figure 23: Rate of climb (on the left) and angle of climb (on the right) vs. relative airspeed (u) for 4PAX aircraft. 
 
Figure 24: Rate of climb (on the left) and angle of climb (on the right) vs. relative airspeed (u) for 6PAX aircraft. 
As the specification requires a minimum rate of climb of 1500 ft (7.62 m/s) and respecting the stall velocity, 
the first graph of Figure 23 shows that the 4 PAX aircraft should rise with a power above 80% of total power and with 
velocity “u” between 0.7 and 1.41. However, when analyzing the second graph of the same figure, it is noticed that for 
low velocities the angle of climb is very high, something that cannot happen in practice. Thus, it can be concluded that 
the ideal climb velocity is with a “u” between 1.2 and 1.4 – giving a rate of climb between 2746 fpm (8.87 m/s) and 
1500 fpm (7.62 m/s) with an angle between 8.9 and 6.5 degrees. Doing the same analysis in Figure 28 for the 6 PAX 
aircraft (minimum rate of climb of 1300 fpm), it is also concluded that the power needs to be above 80% of total power, 




6.3. Cruise condition 
 A cruise condition is the largest phase in the flight, so it is in it that the main features of a hybrid aircraft 
appear. As decided in the conceptual design, the cruising altitude will be 12000 ft (the pressurizing system is not 
necessary). For that altitude, keeping the admission parameter "u" already quoted and using the hybridization equation 
shown in the conceptual design (with a hybridization of 11%), it is possible to get the following charts for the aircraft 
cruising flight: 
 
Figure 25: Range (on the left) and endurance (on the right) vs. relative airspeed (u) for 4PAX aircraft. 
 




The spec requires that the 4PAX and 6PAX aircraft have a minimum range of 1000 nmi (1852 km) and 750 
nmi (1389 km), respectively, and that the cruise velocity for both be at least 174 knots (322.25 km/h – u = 1.61). Thus, 
the region that will meet these requirements is the region in the first quadrant (above and on the right) on the Rang 
chart of Figures 24 and 26.  
 It is desirable a cruise velocity close to 200 knots (370.4 km/h), so it was determined by the optimizer that the 
best point of the curve will be the one closest to the horizontal line separating the quadrants. Thus, the results for cruise 
condition obtained for both aircraft are:  
Table 21: Results for cruise condition. 
 Range [km] Endurance [h] Velocity [km/h] 
4PAX 1870.30 5.47 338.91 
6PAX 1404.02 4.01 342.25 
 An important information also obtained from Figures 25 and 26 is that both aircraft have a maximum range 
for "u = 1" and a maximum endurance for "u = 0.76". These results are expected for a conventional propeller aircraft, 
i.e., the fact that the aircraft are hybrid did not change the behavior of the power system plus propeller. 
 In terms of range, the aircraft can go very far, as shown by Figure 27, which represents the range of the 4PAX 
aircraft after leaving two important airports in the Americas (Brasília – Brazil and Chicago – USA). 
 
Figure 27: Range of the 4PAX aircraft from Brasília (on the left) and Chicago (on the right). 
 Now dealing exclusively with the hybrid part in performance, the following relationships on fuel consumption 





Figure 28: Range (on the left) and endurance (on the right) vs. fuel consumption for 4PAX aircraft at cruise. 
 
Figure 29: Range (on the left) and endurance (on the right) vs. fuel consumption for 6PAX aircraft at cruise. 
Those graphs show that the aircraft have a range even with no fuel, since there is charge in the batteries. The 
results are presented in Table 22. 
Table 22: Results for cruise condition with no fuel. 
Cruise with no fuel Range [km] Endurance [h] 
4PAX 82.83 0.24 
6PAX 67.61 0.20 
 The necessary power to keep the flight in these conditions comes from the battery bank. With a higher 
hybridization value, the range with zero fuel will also be higher; however, the total range tends to decrease since the 
calorific power of the fuel is greater than that of the battery. Those graphs are also important to show to the pilot the 





 For the landing analysis, it was considered that the weight of the aircraft would be the weight of the battery 
for landing and emergency and a reserve of 10% of fuel. Keeping the ICE in idle, only the battery bank will be used, 
which allows a very quiet landing. The 50 ft obstacle is already included in the first analysis.  
 Using the landing performance equations, the results are:  
 
Figure 30: Required runway for landing. 4PAX (on the left) and 6PAX (on the right). 
 The graphs in Figure 30 show the landing runways required for the 4PAX and 6PAX aircraft at sea level + 18 
°F and on concrete runway are 322.3 and 338 m, respectively. Using the maximum allowed runway size, the aircraft 
can land at places that the density is 0.67 and 0.56 kg/m3 – ISA+18ºF, which is equivalent to altitudes of 5500 and 
7000 m. Just like in the takeoff analysis, on grass runway it is necessary to change one parameter of the equations, 
which leads to the following results:  
• 4PAX: 390.7 m (sea level + 18 °F) and 3250 m (maximum landing runway size); 
• 6PAX: 415.5 m (level + 18 °F) and 4850 m (maximum landing runway size). 
 
6.5. Payload-Range Diagram 
 Another important curve in the performance analysis is the “Payload-Range” of the aircraft. It shows how far 
the aircraft, in cruise condition, can go with a certain quantity of fuel or payload. 
 Although in the preliminary design it was determined that the aircraft will carry, in cruise condition, 172.44 




for the second curve of the diagram, this value (200 kg) has been considered. The Payload-Range diagrams for both 
aircraft are shown in Figure 31. 
 
Figure 31: Payload-range digram of the 4PAX (on the left) and 6PAX (on the right) aircraft. 
The Payload-Range diagrams just confirm some of the information of the cruise condition: the maximum 
range to the maximum payload and that the aircraft has a range even with no fuel (just battery – full electric aircraft 
point in the graphic). 
 
6.6. Emergency situation 
 It was proposed an analysis of how the aircraft would behave in an emergency situation: with the aircraft 
totally without fuel and at an altitude of 5000 ft AGL (ISA + 18 °F). 
 Then it was decided that the aircraft would have a reserve of battery only for emergencies (45 kg for 4PAX 
and 40 kg for 6PAX); besides the battery that is already reserved for the landing. 
Two cases have been planned for the emergency situation:  
1- The aircraft will continue in a straight flight until the fuel reserve is exhausted and proceed with a gliding 
flight until reach the ground;  
2- The aircraft will descend with an ideal angle that will maximize their range and the batteries will end at 
the moment the aircraft touch the ground. 




Table 23: Results for emergency situation – First case with straight + gliding flight and second case with descent 
with an ideal angle. 
 First Case Second Case 
 Range [km] Endurance [h] Range [km] Endurance [h] Angle [ ͦ] 
4PAX 41.11 0.24 179.44 1.05 0.4866 
6PAX 50.05 0.24 154.94 0.85 0.5636 
As it is possible to see from the tables above, the descent situation with an ideal angle is the best for the 
aircraft and the range is large enough to perform the land. 
 Now analyzing only for curiosity another emergency situation, where there will be only the gliding flight, it 
is possible to obtain the maximum range of the aircraft according to their flight altitude through the following graphs: 
 
Figure 32: Gliding flight for 4PAX (on the left) and 6PAX (on the right) aircraft. 
7. Structural Analysis 
In any structural project, it is necessary to know the loads that the structure will be subjected. Thus, it is 
possible to better size the structure, avoiding failure and reducing weight, which is determinant for any aviation project. 
The V-n diagram provides a treasure trove of information regarding flight performance for pilots. Following 
the procedures described in the FAA regulation [36], the V-n diagrams for both aircraft designed in this work were 
calculated. They are illustrated in Figure 36 and the results are arranged in Table 24. The colorful dots on both diagrams 





Figure 33: V-n diagram for 4PAX (on the left) and 6PAX (on the right) aircraft. 
Table 24: Results from V-n diagrams. 
Parameters 4PAX 6PAX 
maxz
n  3.8 3.8 
maxz Gust
n  4.27 4.27 
minz
n  -1.5 -1.5 
minz Gust
n  -2.1 -2.0 
GV  93.6 KEAS 96.0 KEAS 
AV  123.8 KEAS 127.0 KEAS 
CV  200.0 KEAS 200.0 KEAS 
DV  279.1 KEAS 278.9 KEAS 
 
The image gives a never exceed speed and the limit load factors for a particular altitude of 12000 ft, which 
are arranged in Table 24. The parabolic curves, called the stall lines, are branching out from the origin on either side. 
Beyond around 280 KEAS and above 3.8G and below -1.0G, the airframe would be subject to structural damage.  
In addition to the limit maneuver envelope curve, the diagram includes the gust lines, which represent the 
loads experienced when the aircraft encounters a strong gust (when flying close to a thunderstorm or during a clear air 
turbulence encounter) and may exceed the maneuver loads. Therefore, it is necessary to create a new envelope 




Furthermore, it was necessary to ensure the structural design would handle all critical cases. Thus, some 
specific conditions had been chosen to evaluate the loads, such as: dive at VC, dive at VD, and bunt at VC from V-n 
diagram; and coordinate turn from the maneuver boundaries. The gust loads analysis is planned to be performed using 
reduced models. 
The maneuver boundaries are calculated using theory in [37] and shown in Figures 34 and 35. Analyzing the 
curves, the extreme condition possible during a coordinate curve is at a velocity of 64.6 m/s for 4PAX and 64.8 m/s 
for 6PAX. 
 
Figure 34: Maneuver boundaries for 4PAX aircraft. 
 
Figure 35: Maneuver boundaries for 6PAX aircraft. 
Thus, there are velocities and load factors for each of the aforementioned four conditions. Inserting these 
parameters into AVL program, it was possible to determine the aircraft bank angle and the trim angles for each of the 
control surfaces. From these results, the following Tables 25 and 26 have been set up. The colorful dots represent the 






Table 25 - Trim conditions for 4PAX aircraft. 
 
Condition Velocity Altitude air
  n    e    a  r  
 [m/s] [ft] [kg/m3] [º] [º] [º] [º] [º] 
 
Coordinate 
Turn 64.6 ISA + 18ºF 1.1839 2.7 5.34 -3.52 68.85 -4.41 11.63 
 Dive at VD 143.80 ISA + 18ºF 1.1839 3.8 4.24 -3.55 0 0 0 
 Dive at VC 102.89 12000 0.6981 3.8 9.19 -8.20 0 0 0 
 Bunt at VC 102.89 12000 0.6981 -1.5 -4.99 4.19 0 0 0 
Table 26 - Trim conditions for 6PAX aircraft. 
 
Condition 
Velocity Altitude air  n    e    a  r  
 [m/s] [ft] [kg/m3] [º] [º] [º] [º] [º] 
 
Coordinate 
Turn 64.8 ISA + 18ºF 1.1839 2.5 5.20 -3.16 66.27 -4.45 11.78 
 Dive at VD 143.63 ISA + 18ºF 1.1839 3.8 4.87 -3.35 0 0 0 
 Dive at VC 102.89 12000 0.6981 3.8 10.39 -7.15 0 0 0 
 Bunt at VC 102.89 12000 0.6981 -1.5 -5.47 3.79 0 0 0 
Having the aircraft trim conditions in hands, the next step was to calculate the lift and pitching moment 
distributions over the wing and empennage surfaces, for both aircraft. To do so, the aerodynamic analyses were 
evaluated through the software XFLR5, as illustrated in Figure 40 for the 4PAX configuration. 
 
Figure 36: Aerodynamic analysis in XFLR5. 
From these results, and using theory in [38], the bending and torsion moments over the wing and empennage 
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7.1. Structural Wing Design 
 For the wing design, the num the number and position of spars, ribs and stringers were estimated using 
cutaway of conventional aircraft of same size. 
 The position and quantity of these elements were adapted to the actual aircraft’s span and were not optimized 
due to the complexity of implementation, what led to the following coordinates, as shown in Figure 39. 
 
Figure 39: Aircraft upper (on the left) and lower (on the right) wing structure elements along the span. 
Thus, an initial wing design was made using CATIA V5R21, so it was possible to refine the curvature and 
airfoil profile. Next, the model was exported to HyperMesh to create the mesh. The mesh size was designed in order 
to allow a satisfactory finite element analysis and to avoid an excessive computational consumption. Thus, it was used 
the quadrilateral-mesh with an element size of 30 mm, generating a mesh of 19885 elements. Moreover, for each rib 
it was created a RBE3 (rigid body element) to connect a single node to multiple nodes, allowing each rib to subject to 
a specific bending and torsion moments at 25% of the wing chord, depending on its location. 
Having the model done, the wing structure was imported into Femap with NX Nastran, and groups of 
components were created to make the analyses easier.  
To get started with the modeling, a material needed to be specified. For the entire model, the Aluminum 7050-
T651 had been chosen due to its large applications and popularity in the aerospace industry. It is a heat treatable alloy 
that has very high mechanical properties and high fracture toughness, and offers good stress and corrosion cracking 
resistance and high strength at subzero temperatures. The Aluminum 7050-T651’s general properties used in the model 




Table 27: Aluminum 7050-T651 properties [58]. 
Property Value 
Young’s Modulus, E 72000 MPa 
Poisson’s Ratio,   0.33 
Mass Density,   2.7x10-6 kg/mm3 
Yield Strength, σY 490 MPa 
Coloring each component with a different color, representing different properties, the following full model is 
presented in Figure 40. 
 
Figure 40: Exploded wing and properties classified by colors. 
 Next, it comes up with the static analysis of the wing. The load cases evaluated in this analysis are those 
presented in Table 28.  Hence, for each load case it was necessary to determine and apply the specific loads in each 
RBE3. Thus, using the bending and torsion moments distributions from Figures 37 and 38, the loads were calculated 
and corrected for the actual Femap reference axes. 
Table 28: Load cases classifications in Femap. 
Load Case 
Load Case Number 
4PAX 6PAX 
Dive at VC 1 6 
Dive at VD 2 7 
Bunt at VC 3 8 
Coordinate turn - RHS 4 9 
Coordinate turn - LHS 5 10 
Running the first static analysis for multiple load cases, the wing failed at these extreme conditions. Hence, 
the thicknesses of all elements in each group were manually modified so that the stresses throughout the wing were 




When analyzing the stress, the criteria of evaluation of the results were the maximum, minimum and shear 
stress for both plates and beams type elements. Thus, an envelope of results showing these stress values, for example, 
are presented in Figures 41, 42 and 43. On the right, it is displayed the stress values throughout all load cases, and on 
the left, it is displayed in which load case the maximum stress value was found.  
 
Figure 41: Maximum stress values in MPa (on the left) and respective load cases envelope (on the right). 
 
Figure 42: Minimum stress values in MPa (on the left) and respective load cases envelope (on the right). 
 
Figure 43: Shear stress values in MPa (on the left) and respective load cases envelope (on the right). 
The stiffeners were modeled as beam type with a cross-section in “L”. Thus, they are not presented in Figures 




also designed following the same process; in other words, changing cross-section dimensions and thicknesses. They 
are very important in the wing structural design because they increase the resistance of the skin panels, which is crucial 
against buckling. Therefore, the static analysis is not limited only to these stresses analyzes. Because of the high 
bending moments, the wing skins are subjected to high stresses of compression. Therefore, a buckling analysis is 
crucial to avoid any unforeseen phenomena. 
 When running a Femap buckling analysis, the software shows what percentage of the current loads would be 
sufficient to buckle any part of the structure. Thus, the first buckling analysis in Femap showed that some skin plates, 
for example, would fail at 45.5% of those current loads, as presented in Figure 44. 
 
Figure 44: Wing buckling analysis with failure at 45.5% of current loads. 
After analyzing all the eigenvectors, new thicknesses were manually inserted into the properties of the 
elements involved, until the buckling analyses showed no failure. Finally, the wing structure is well dimensioned for 
the evaluated loads and buckling analyses. The thickness distribution along the wing is shown in Figure 45. 
 




 The current wing has a weight of 154.84 kg. This weight could be optimized and reduced changing the 
thickness, geometry, location and quantity of each element (skin, ribs, stiffeners and spars) throughout the wing. 
However, this has not been done because of the complexity and computational processing time that would spend. 
Alternatively, a new material proposal has been discussed and analyzed: the carbon fiber epoxy Hexcel 8552 NMS 
128/2. Its properties are listed in Table 29. 
Table 29: Composite material (Hexcel 8552 NMS 128/2) properties [39]. 
Property Value 
E11 148 GPa 
E22 10.3 GPa 
 12 0.27 
G12 5.9 GPa 
G23 5.9 GPa 
G13 5.9 GPa 
X1t 2439 MPa 
X2t 66 MPa 
X1c 2013 MPa 
X2c 381 MPa 
S12 78 MPa 
SBonding 34.7 MPa 
  1577 kg/m3 
The carbon-epoxy plates are made of laminates with 0.2 mm of thickness, and their orientation start with 0º 
and varies with an increment of 45º for each layer. Thus, different plates were created following this pattern. Next, 
following the same process presented previously, the static analysis for the multiple set of critical load cases was 
evaluated for the new wing of composite material. 
When analyzing structures in composite, it is not the maximum and minimum stress that are evaluated. Now 
it is the Tsai-Wu failure criterion [40]. Thus, an envelope of the results of this analysis using this composite fail criterion 
is presented on the left in Figure 46. The ribs were not substituted to composite material due to the high compression 
loads they are subjected to. Hence, when they were analyzed in composite, the thickness required to withstand the 
loads would be huge, resulting in a weight much greater if it were used aluminum. Therefore, they were kept in 
aluminum to save more weight. Their analysis is presented in the right in Figure 46. 
The thicknesses of each element were manually readjusted in order to avoid any composite material failure. 
Next, a new buckling analysis was performed to ensure all elements were safe. The result of this analysis showed that 




thicknesses, the buckling failures were fixed. Therefore, a final designed wing is obtained, which is presented in Figure 
47. The final wing weight is 115.21 kg, saving 39.63 kg when using composite material. 
 
Figure 46: Tsai-Wu failure criterion analysis (on the left) and ribs maximum stress [MPa] (on the right). 
 
Figure 47: Final thickness distribution of the composite material layers along the wing structure [mm]. 
From Figure 47, it is noticed that the layers at the root are very thick. This is necessary because the wing has 
a high AR and there is a large stress concentration in that region. This is a recurring issue on wings like that, but its 
reduction of aerodynamic drag, specifically induced drag, justifies its application. 
 
7.2. Structural Empennage Design 
 The empennage design followed the same project philosophy presented in Section 7.1. for the wing design. 
The horizontal tail comprises ribs and spars, while the vertical tail is a multiple spars structure. Each one of the aircraft 
(4PAX and 6PAX) has a different empennage, because each aircraft has different fuselage lengths and wing positions, 
what implies in different empennage sizes. Therefore, for each aircraft configuration it was designed in CATIA a 





Figure 48: Empennages of the 4PAX (on the left) and 6PAX (on the right) aircraft. 
7.2.1. Structural Horizontal Tail Design 
Similar to the structural wing design, the initial horizontal tail models for both aircraft were made using 
CATIA V5R21, so it was possible to refine the curvatures and airfoil profiles. Next, the models were exported to 
HyperMesh to create the meshes. The mesh size was designed in order to allow a satisfactory finite element analysis 
and to avoid an excessive computational consumption. Thus, it was used the quadrilateral-mesh with an element size 
of 10 mm, generating a mesh for the horizontal tails of 21274 elements for the 4PAX and 19456 elements for the 
6PAX. Having the models done, they were imported in Femap with NX Nastran. Likewise in wing design, the 
Aluminum 7050-T651 was initially chosen as the material for both horizontal tails. 
Therefore, coloring each component with a different color, representing different properties, the following 
full models are shown in Figure 49. The load cases evaluated in this analysis are those presented in Table 28. The static 
analysis for both horizontal tails was performed equally to the wing case, as presented in Section 7.1. In other words, 
the thicknesses were readjusted during the entire process, so the structures did not fail, even for buckling. The final 
designed horizontal tails in aluminum have a weight of 15.63 kg and 15.39 kg, for the 4PAX and 6PAX respectively. 
 




 Next, the material was substituted for the same composite used in Section 7.1, the Hexcel 8552 NMS 128/2. 
When the wing structure was designed, the ribs were not substituted to composite material due to the high compression 
loads, so they were kept in aluminum. Now, both empennage ribs presented good results when applied composite 
material, so they were kept in carbon-epoxy. 
Thus, once more both structures were redesigned changing the thickness and appliance of layers in each 
element group so that they meet all the fail criteria. The Tsai-Wu failure criteria envelopes of results are displayed in 
Figures 50 and 51, for 4PAX and 6PAX, respectively. 
 
Figure 50: Tsai-Wu failure criterion (on the left) and load cases (on the right) for the 4PAX horizontal tail. 
 
Figure 51: Tsai-Wu failure criterion (on the left) and load cases (on the right) for the 6PAX horizontal tail. 
Next, the buckling analysis was performed for both horizontal tails. Since some elements were failing, the 
thicknesses were increased until the structures did not fail anymore.  
Finally, both horizontal tails are well designed for the current loads, resulting in the following thickness 
distributions, presented in Figure 52. The change of material from aluminum to composite resulted in a reduction of 






Figure 52: Final thickness distribution [mm] of the composite material layers along the 4PAX (on the left) and 
6PAX (on the right) horizontal tails. 
The horizontal tails, in addition to concentrating stresses at the root due to the high load values, also suffer 
with the influence of twisting, unlike the wing structure. It is possible notice that the sixth rib (counting from the root) 
is thicker than the root due to the twist in that location. 
 
7.2.2. Structural Vertical Tail Design 
The same process used for the horizontal tails has been used here.  Thus, after drawing the structures on 
CATIA and creating the mesh on HyperMesh, the models were exported to Femap with NX Nastran, resulting in the 
following full models presented in Figure 53. 
 
Figure 53: 4PAX (on the left) and 6PAX (on the right) vertical tails exploded and properties classified by colors. 
 Next, assuming the structures in aluminum, it was evaluated the load cases as done before, resulting in vertical 
tails of weight of 5.72 kg and 4.23 kg, for the 4PAX and 6PAX respectively. Later on, the material was substituted for 
the same composite used in Section 5.1, the Hexcel 8552 NMS 128/2. Thus, once more both structures were redesigned 
changing the thickness and appliance of layers in each element group so that they meet all the fail criteria. The Tsai-





Figure 54: Tsai-Wu failure criterion (on the left) and load cases (on the right) for the 4PAX vertical tail. 
 
Figure 55: Tsai-Wu failure criterion (on the left) and load cases (on the right) for the 6PAX vertical tail. 
Next, the buckling analysis was performed for both vertical tails. Since some elements were failing, the 
thicknesses were increased until the structures did not fail anymore. Finally, both vertical tails are well designed for 
the current loads, resulting in the following thickness distributions, presented in Figure 56. The change of material 
from aluminum to composite resulted in a reduction of 2.26 kg and 1.28 kg for 4PAX and 6PAX, respectively. 
Therefore, they ended weighting 3.46 kg and 2.95 kg, respectively. 
The vertical empennage thicknesses ended thinner because the loads applied to the rudder are relatively lower 
and its size is relatively small. Its structure is made of multiple spars, increasing considerably its resistance to bending, 





Figure 56: Final thickness distribution of the composite material layers along the 4PAX (on the left) and 6PAX 
(on the right) vertical tails. 
 
7.3. Summary Results of Structural Analysis 
Having the results presented in Sections 7.1 and 7.2, a summary of components and their respective critical 
stress and buckling conditions are displayed in Tables 31 and 32. 
Table 30: Summary of stress results of structural components in aluminum. 
Component Load Case Tensile Strengh [MPa] Margin of Safety 
Wing Dive VD 352.00 0.2816 
HT 4PAX Dive VC 333.60 0.3192 
HT 6PAX Dive VC 382.40 0.2196 
VT 4PAX Coordinate Turn - LHS 265.90 0.4573 
VT 6PAX Coordinate Turn - LHS 288.10 0.4120 
Table 31: Summary of Tsai-Wu failure criterion of structural components in composite material. 
Component Load Case Failure Index (Tsai-Wu ) Buckling Margin of Security 
Wing Dive Vd 0.98 6.30% 
HT 4PAX Dive Vc 0.94 4.50% 
HT 6PAX Dive Vc 0.96 6.40% 
VT 4PAX Coordinate Turn - LHS 0.91 38.60% 
VT 6PAX Coordinate Turn - LHS 0.89 48.00% 
 
7.4. Structural Fuselage Design 
The structural design of the fuselage was based on conventional aircraft of same size. 28 stiffeners and 39 
frames were used and distributed throughout the fuselage. The stiffeners were modeled as beam type with a cross-
section in “L”. The frames in the middle part of the fuselage were arranged to coincide with the spars of the wing. 





Next, the structural mesh was created using HyperMesh. The size of the element created was 30 mm, being 
refined in the parts of tension concentration. A mesh of 38284 elements was obtained. RBE3 rigid elements have also 
been created in the position of each frame, where the loads will subsequently be applied. Figure 57 shows blue RBE3 
created. 
 
Figure 57: 4PAX fuselage rigid elements. 
In order to obtain the force distribution 𝑄  and the momentum 𝑀 in the fuselage, the Discretized Fuselage 
model proposed by [41] was used. It was considered the critical case of dive recovery presented in Section 7. Figure 
58 shows the charge distribution for the 4PAX fuselage. 
 
Figure 58: 4PAX fuselage loads. 
Finally, the mesh and loads were applied in Femap to create the finite element model. When analyzing the 
stress, the criteria of evaluation of the results were the maximum, minimum and shear stress for both plates and beams 





Figure 59: Maximum (on the left) and minimum (on the right) stress values envelope in MPa. 
 
Figure 60: Shear stress values envelope in MPa. 
Then the buckling analysis was performed, where the application of 101.45% would create the first case of 
buckling, as shown in Figure 61. 
 
Figure 61: Fuselage buckling analysis with failure at 101.45% of current loads. 
Finally, the fuselage is well designed and dimensioned for the evaluated loads and buckling analyses. The 





Figure 62: Thickness distribution along the fuselage [mm]. 
As seen in figures above, the most critical regions of the fuselage are at the edge of the windows. Therefore, 
the reinforcers used in this region had to be increased to support, mainly, cases of buckling in this region. 
 
7.5. Final Material Composition 
After designing the wing, the fuselage, and the vertical and horizontal tails, a final material composition of 
the aircraft’s main components is displayed in Figure 63. 
 
Figure 63: Material composition of the aircraft. 
 
8. Aeroelastic Analysis 
This section presents an aeroelastic analysis of the wing designed in Section 7.1. Firstly, it was evaluated the 
displacement and rotation values for the carbon-epoxy wing in order to estimate its flexibility when applying the loads 





Figure 64: Total displacements in mm (on the left) and total rotation in degrees (on the right) for the carbon-
epoxy wing when applying the loads from Table 29. 
According to literature [41], the displacement presented in Figure 69 are among the theoretical values 
expected for this type of wing. However, the rotation values are much lower, which is curious. It is explained basing 
on how the wing has been designed. 
A bunch quantity of ribs in aluminum was applied in the structure. Hence, an improved torsion resistance is 
obtained. If an optimization had been implemented, probably it would be necessary less ribs in the wing design.  
Next, a modal analysis of the wing model was firstly performed in Femap in order to find the natural 
frequencies, which are presented in Table 32. The first four modes are mostly bending-modes, as observed in Figure 
65. The twisting-mode only shows up in the fifth mode (Figure 66), which is explained by high strength of the wing 
related to torsion moments, as mentioned before. 
Table 32: Natural frequencies obtained from wing modal analysis. 















Figure 65: First four mode shapes of the wing. 
 
Figure 66: Fifth mode shape of the wing. 
Next, a divergence and flutter analysis was performed using the NX Nastran SOL 145. First of all, the 
aerodynamic mesh was created to emulate the air flow through the wing. 
The association of both aerodynamic and structural meshes was made through a SPLINE1 connection on the 
nodes that intersect the following structures: upper skin, ribs and stiffeners. This allows to distribute the aerodynamic 
loads over the entire wing elements, similarly to the RBEs in the structure design presented in Section 7.1.  
Moreover, it was considered the first five mode shapes of the structure, and method used was PK-NL. The air 
density of 0.818 kg/m3 was the equivalent of a flight altitude of 12000 ft (cruise), and the density of reference was 
taken at sea-level (ISA + 10ºC). The airspeed was evaluated from 20 to 200 m/s TAS, representing the flight speed 





Figure 67: V-g-f diagram for the aircraft velocities envelope. 
Analyzing the V-g and V-f plots, there is no flutter and divergence phenomenon for the aircraft velocities 
envelope. This is due to the high natural frequencies and mode shapes that need very high speed to couple and, 
consequently, bring the system do instability. In addition, the composite material (Hexcel 8552 NMS 128/2) applied 
contributes to increase the stiffness of the wing, improving the aeroelastic responses. 
To verify when the instabilities occur, the interval of velocities was expanded to 1000 m/s TAS. Hence, a new 
analysis was evaluated, resulting in the following V-g-f plots presented in Figure 68. 
 




Now, it is possible to observe the flutter showing up at 650 m/s EAS, where the third (bending) and fifth 
(twisting) modes are coupled, as shown in V-f plot. Consequently, the damping of mode 5 becomes positive (g > 0) at 
this speed, as presented in V-g plot. The flutter speed is very high because the wing structure has a great strength, 
delaying the coupling of natural frequencies of the bending and twisting modes. 
  
9. Modal Analysis of the Aircraft 
The first four natural frequencies of the entire aircraft were analyzed in Femap. The frequencies found were 
5.77 Hz, 9.16 Hz, 14.14 Hz and 15.95 Hz, and the mode shapes are shown in Figure 69. 
 
Figure 69: First four mode shapes of the aircraft. 
Due to simplifications used in the joint with the fuselage, it was observed that the wing and empennage have 
an almost totally rigid behavior in the vibration modes. 
 
10. Stability Analysis 
10.1. Longitudinal Static Stability 
For the analysis of longitudinal stability for both aircraft, a study of the influence of the wing, elevator, drag 
of the wing and propeller in the Cm of the aircraft was performed, as shown in Figure 70. As expected, the wing and 
its drag had a negative influence on the Cm of the aircraft, unlike the elevator and the propeller. As a sum of each of 




In addition, the study of the trim angle of the elevator was carried out in relation to the airspeed of the aircraft 
(Figure 72). The results were satisfactory considering the speed envelope of operation of the aircraft. 
 
Figure 70: Longitudinal Static Stability of both aircraft: 4PAX (on the left) and 6PAX (on the right). 
  
Figure 71: Cm x Alpha for both aircraft: 4PAX (on the left) and 6PAX (on the right). 
 




Thus, the static margins for both aircraft were obtained and are presented in Table 33. 
Table 33: Static margin results for both aircraft. 
Aircraft 𝑪𝒎𝜶  Static Margin 
4PAX -0.6127 11,50% 
6PAX -0.3827 12,40% 
 
10.2. Lateral-Directional Static Stability 
The first analysis was the rudder and aileron trimming for lateral cross winds as shown in Figure 73. Next, it 
was analyzed the rudder and aileron trimming during a coordinate curve of radius of 1000 m, and the results are shown 
in Figure 74. Finally, the behavior of the rudder and aileron to perform the specified coordinate is shown in Figure 75. 
 
Figure 73: Rudder and aileron deflection at trimming condition for 4PAX (on the left) and 6PAX (on the right). 
 





Figure 75: Rudder and aileron deflections vs. Slip angle for 4PAX (on the left) and 6PAX (on the right). 
10.3. Longitudinal Dynamic Stability 
The dynamic stability analyses were performed for both aircraft, and all results were satisfactory. However, 
only the results for the 4PAX aircraft will be presented here. 
Firstly, it was evaluated the phugoid mode for the entire flight envelope. The results are very satisfactory and 
are presented in Figure 76. It shows the behavior analysis at sea-level and at service ceiling (FL120). Moreover, Figure 
77 shows that the quality of flight meet the comfort conditions specified by the MIL-F-8785C, demonstrating that the 
aircraft meets the requirements of longitudinal dynamic stability. 
 





Figure 77: Flight quality (MIL-F-8785C) related to the second period mode for the 4PAX aircraft. 
10.4. Lateral-Directional Dynamic Stability 
For the analysis of the lateral-directional dynamic stability of the 4PAX aircraft it was simulated the response 
of the aircraft to a cross wind of 10 m/s. Figure 78 shows on the left the aircraft's roll rate over time. As expected, the 
aircraft behaves in a convergent manner, i.e., there is a decay rate of the amplitudes over time. The analysis of the 
variation of the sideslip angle is shown in the right in Figure 78, where it is also possible to observe the convergent 
behavior of the aircraft in response to the lateral gust. 
  
Figure 78: Roll rate (on the left) and sideslip angle (on the right) over time for 4PAX aircraft. 
From the analyses performed for both aircraft, the following results are arranged: 
Table 34: Coefficients of dynamic stability for both aircraft. 
 𝑪𝒏𝜷  𝑪𝒍𝜷  
Dolphin 4000 0.0632 -0.0866 





11. Center of Gravity 
During the entire design process, the evaluation of the center of gravity (C.G.) was one of the main concerns, 
since it affects the aircraft stability and, consequently, the control surfaces dimensions. Thus, a study of the contribution 
of each component was done in order to ensure the correct C.G. positioning, which are presented in Table 35 and 
illustrated in Figures 79 and 80. 
Table 35: Contribution of each component for the C.G. positioning of both aircraft. 
 4PAX 6PAX 
Component Mass [kg] X [m] Y [m] Mass [kg] X [m] Y [m] 
Wing 115.21 3.76 0.40 115.21 3.80 0.40 
Horizontal Tail 11.27 7.60 0.75 10.72 8.35 0.75 
Vertical Tail 3.46 7.80 1.25 2.95 8.48 1.25 
Fuselage 273.84 3.41 0.60 263.12 3.79 0.60 
Main LG 62.93 3.92 0.00 64.23 3.85 0.00 
Nose LG 23.24 1.57 0.00 23.59 1.55 0.00 
Electrical Engine 89.21 0.50 0.60 89.21 0.50 0.60 
Fuel System 16.21 3.76 0.40 13.45 3.80 0.40 
Flight Control System 17.83 4.40 0.60 17.91 4.54 0.60 
Hydraulic System 1.42 0.60 0.60 1.42 0.60 0.60 
Avionics 32.85 1.11 0.60 32.85 1.11 0.60 
Electrical System 41.51 0.55 0.60 40.30 0.55 0.60 
Seats 53.38 3.91 0.78 53.38 4.20 0.78 
ICE 163.29 1.11 0.60 163.29 1.11 0.60 
Battery 300.00 6.23 0.60 300.00 6.82 0.60 
Payload 399.20 3.91 0.78 598.80 4.20 0.78 
Fuel 168.87 3.76 0.40 130.63 3.80 0.40 
C.G. at MTOW  3.346 0.60  3.6645 0.60 
 





Figure 80: C.G. distribution of each component for 6PAX aircraft. 
In order to construct the C.G. envelope of the aircraft, the procedures proposed by FAA-H-8083-1B were 
used. Based on the location of the components presented in the previous section, it was possible to calculate their 
moments and variations of payload and fuel position, together with the longitudinal stability limits of the aircraft 
presented in Section 10. Thus, it is possible to obtain the positions of the center of gravity that are safe for flight. 
Figure 81 shows the CG envelope for the 4PAX and 6PAX aircraft. 
 
Figure 81: 4PAX (on the left) and 6PAX (on the right) aircraft’s C.G. envelopes. 
The 6PAX aircraft's C.G. envelope is wider than the one for 4PAX. This is due to the increase in the total 
length of the aircraft to accommodate the two additional passengers, which causes a greater sensitivity in the 






12. Subsystem Selections 
12.1. Electric 
The electric subsystem for the Dolphin 4000 and Dolphin 6000 is also common for both aircraft, featuring 
one generator driven by the engine. This generator outputs a voltage of 12 VAC and its power is used to recharge the 
auxiliary battery. The lead-acid battery is located in the nozzle of the aircraft and its mass is approximately 22 lb (10 
kg). The power of the auxiliary battery is used to run avionics, lighting, ventilation systems, flaps and hydraulic 
subsystem. A scheme of the electric subsystem is shown in Figure 82. 
The main avionic used is Garmin G2000, a premium touchscreen-controlled integrated flight deck designed 
for high performance piston aircraft. This integrated flight deck gives pilots rapid and intuitive access to vast amounts 
of flight, system, and sensor information, and also gives the pilot the ability to set how that information is presented. 
It is worth noting that the electric subsystem is independent of the aircraft's hybridization system. 
 
Figure 82: Electric subsystem. 
12.2. Hydraulic 
Because of the commonality approach, the hydraulic subsystem for the Dolphin 4000 and Dolphin 6000 are 





pressure comes from a 12V hydraulic powerpack, which is a small unit that comprises an electric pump, filters, 
reservoir, valves, and pressure relief valve. The power to drive this pump is provided by an auxiliary battery. This 
hydraulic powerpack is located in the nozzle of the aircraft and its mass is approximately 11 lb (5 kg). An overview of 
the hydraulic subsystem is presented in Figure 83. 
 
Figure 83: Hydraulic subsystem. 
12.3. Fuel 
To meet the specified fuel requirements, both Dolphin 4000 and Dolphin 6000 aircraft feature fuel tanks 
throughout the winds; consequently, the fuel subsystem is the same for both aircraft. The fuel used is the Jet-A/A1, 
which has a density of 0.804 kg/l. The fuel tanks have a capacity of 42.5 gallons (160.8 liters), divided into two tanks. 
To properly regulate the usage and flow of fuel, a central fuel hopper is utilized, allowing for crossflow between tanks 
to help adjust the center of gravity in flight. For refueling, over-wing gravity refueling is used. The fuel is sent from 
the tank to the injection system through a fuel pump driven by the engine. A scheme of the fuel subsystem is presented 






Figure 84: Fuel subsystem. 
12.4. Control 
The control subsystem of Dolphin 4000 and Dolphin 6000 are the same. All control surfaces are actuated by 
cables and sheaves, except the flaps. One end of each cable is connected to a sheave attached to the stick, and another 
end of each cable is connected to a sheave attached to the control surfaces (called the control sheave). Cables and 
sheaves also actuate the trim-tabs, while flaps are driven by electric actuators. An overview of the control subsystem 
is presented in Figure 85. 
 





























































































 Both Dolphin 4000 and Dolphin 6000 aircraft have stick shaker and stick pusher. The stick shaker 
corresponds to a stick vibration system that works to alert the pilot about the imminence of stall occurrence. The stick 
pusher corresponds to an automatic actuation system of the stick that pushes the stick forward to lower the nose of the 
aircraft in case a critical angle of attack has been reached without the pilot taking any preventive action. 
The control surfaces deflection about their hinges are illustrated in Figures 86, 87 and 88. 
 
Figure 86: Aileron deflection around its hinge. 
 
Figure 87: Elevator deflection around its hinge. 
 




13. Landing Gear 
The purpose of the landing gear is to allow the aircraft to return to the ground without causing damage to the 
structure. To accomplish this, the landing gear must not only react substantial forces and moments, but also provide a 
way to deliver the load safely into the airframe.  
The tricycle landing gear arrangement has been chosen for the Dolphin 4000 and Dolphin 6000 due to its 
advantages compared to other configurations and aesthetic reasons. Within these advantages, it stands out that it is 
dynamically stable on the ground, becoming easier to maneuver. In addition, it presents good ground control in 
crosswinds, and also allows a better protection of the propellers against ground strike, among other advantages. 
Moreover, the landing gear location was confirmed to allow the plane to tip back 15° during takeoff (and leaving a 
margin of safety), which is presented in Figure 89. 
 
Figure 89: Aircraft is able to touch the ground at 15º without risk of tail strike. 
13.1. Main landing gear 
The main gear is a monowheel arrangement with suspension system with an oleo shock absorber and trailing 
link as shown in Figure 90. Trailing link landing gear is excellent at landing rough terrain, making the aircraft capable 
of taking off and landing on different runways (dirt, grass, metal mat, gravel, asphalt, and concrete). Another benefit 
is that the wheel contacts the ground aft of the main strut of the landing gear, which improves the longitudinal tip over 
criteria for the aircraft.  
 




Retractable landing gear allowed substantial reduction in drag and increase in cruising speed, making aircraft 
more efficient. The main landing gear struts are mounted to ribs on the wing and retracted under hydraulic power into 
the belly of the fuselage. The retractable system is driven by a hydraulic powerpack. Figure 91 shows how the main 
gear fits into the wing-body fairing. With safety in mind, both aircraft have an emergency actuation system to allow 
the pilot to implant landing gear manually if the normal actuation mechanism fails. 
 
Figure 91: Main landing gear up. 
13.2. Nose landing gear 
The nose landing gear features monowheel arrangement with suspension system with an oleo shock absorber. 
A nose wheel steering wheel on the pilot side of the aircraft controls the nose gear. Nose landing gear is located into 
the nose of the airplane as previously shown in Figure 91. 
 
14. Interior Design 
In the industry, the interior cabin design starts evaluating the interior space necessary to accommodate 
properly the passengers, pilot and baggage. The U.S. Federal Aviation Regulations (FAR) contain requirements for 
head impact protection, maximum G- loading, damage tolerant single load paths and so forth - but no minimum seat 
spacing requirements. 
The United Kingdom (UK) Civil Aviation Authority (CAA) is currently the only regulatory body to prescribe 




Passengers” as a reference, the interior sizing for both aircraft were designed. The dimensions chosen for the project 
are illustrated in Figure 92, and the actual drawings in CATIA are presented in Figure 93. 
 
Figure 92: Dimensions chosen for the interior design. 
 
Figure 93: Interior cabin of the 4PAX (on the left) and 6PAX (on the right) aircraft. 
Moreover, it was required that both aircraft had a compartment with enough space to storage baggage with 
weight per passenger/pilot of 30 lb and volume of at least 4 ft3 per passenger. Therefore, after arranging the internal 
space, the baggage compartments have the following characteristics, presented in Table 36 and confirmed from CATIA 
in Figures 94 and 95. 
Table 36: Baggage compartment volumes. 
Aircraft Volume [m3] Volume [ft3] 
4PAX 0.455 16.1 







Figure 94: Baggage compartment volume displayed on CATIA for the 4PAX aircraft. 
 
Figure 95: Baggage compartment volume displayed on CATIA for the 6PAX aircraft. 
14.1. Thermal & Acoustic Insulation 
For any aircraft it is important to ensure thermal and acoustic comfort. Therefore, the aerospace industry has 
spent some effort to design silent internal cabins with enjoyable climate. 
The thermal environment outside an airplane produces fuselage skin temperatures from about -60 ºF when in 




air conditioning/heating system to economically produce comfortable cabin temperatures varies with airplane type and 
location. On the other hand, outside noise is generated by aerodynamics and engines. Insulation is used to attenuate 
outside noise to allow reasonable levels of comfort and verbal communication inside the passenger cabin and cockpit. 
Therefore, for both aircraft, it has been designed the following components for the insulation system: 
• Fiberglass batting encapsulated in a plastic pillowcase covering distributed along the aircraft; 
• Skin-dampings glued to the fuselage-skin to absorb vibration; 
• Vibration isolators to support the internal panels; 
• Felt with viscoelastic material along the cabin. 
 
14.2. Alternative Cabin Options 
The internal space of the 4PAX aircraft is very reduced. Thus, for the cargo and maritime surveillance variants, 
if two passenger-seats and the baggage compartment are removed, it will be released some useful space, which could 
be properly arranged for cargo transportation, or even loading more batteries for maritime surveillance. In this case, it 
would certainly generate a new performance (range and endurance), which is very desirable for that application.  
On the other hand, the 6PAX aircraft’s fuselage is longer. Therefore, it comprises more internal space. So, 
removing four passenger-seats and the baggage compartment, it would release a lot of space (red volume of 8820 ft3 
in Figure 96), which could be also used as a huge cargo compartment or placing a pack of batteries for maritime 
surveillance.  
 




15. Geometric Configurations 
 










16. Cost Analysis 
16.1. Development and Production Costs 
Development and production costs are crucial when evaluating the economic viability of a hybrid aircraft over 
conventional aircraft in the market. 
The price estimation model used was based on the Snorri Gudmundsson's formulation and on the Development 
and Procurement Cost of Aircraft, Version IV (DAPCA-IV). This model considers variable and fixed cost factors of 
production. 
The variable costs are comprised of components purchased from third parties, such as avionics, engines and 




NQDF F=  (4)  
where 𝐹𝐸𝑋𝑃 is the experience effectiveness (assumed as 0.8) and 𝑁𝑀𝑂𝑁𝑇𝐻  is the total number of aircraft produced per 
month. 
The fixed costs depend directly on the number of aircraft produced per month, which are the costs of: Total 
Cost to Certify (Cost of Flight, Cost of Flight Testing and Cost of Flight), Total Cost of Manufacturing, Total Cost of 
Quality Control, and Total Cost of Materials. There are also some assumed values based on the cost of production of 
this type of aircraft shown in Table 38. 
Table 37: Rate per hour from labor man-hours. 
Labor Rate per hour [$/hr] 
Engineering Labor Man-hours 80 
Tooling Labor Man-hours 28 
Manufacturing Labor Man-hours 24 
 
The admitted sales profit was 10% and cost estimates were also adjusted for expected inflation in the year of 
service entry – 2028 for 4PAX and 2030 for 6PAX. 
As shown in Section 4.4 the aircraft family has a commonality of 96%, where they share the same wing. 
Analyzing separately the production costs of each aircraft, the cost of production had a small variation, showing that 
the high communality of the family generated important economic benefits for the project. Figure 99 presents the 





Figure 99: 4PAX and 6PAX selling price over 5 years production to break-even. 
To create a competitive aircraft in the market, the volume of production of the competitors in the first five 
years of production was analyzed, where the production rate was around 6 aircraft per month, which is the value 
adopted for the project. Thus, the sale value of the aircraft will be $ 966,700.00 for the 4PAX and $ 1,000,000.00 for 
the 6PAX. 
The development and production value of the two aircraft based on a sale of 360 aircraft over 5 years is $ 
253,590,000.00 for 4PAX and $ 262,950,000.00 for 6PAX. Figures 100 and 101 present the breakdown values for 
both aircraft. 
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Figure 101: 6PAX breakdown of costs on sales of 360 aircraft over 5 years. 
However, it is necessary to consider the fact that the 6PAX aircraft will enter the market only 2 years after 
4PAX. To ensure a high penetration and greater visibility of the aircraft in the market, in the first 2 years of production 
the production rate of the 4PAX aircraft will be 6 aircraft per month and after the second year its rate will be reduced 
to 3 aircraft per month, complemented by the production of 3 aircraft/month of the 6PAX model. Thus, the actual 
breaking-even point curve is shown in Figure 102. 
 
Figure 102: Production break-even point for 5 years projection. 
It is possible to observe that the breaking-even point occurred in 369 aircraft, i.e., 9 more aircraft than 
expected. This is due to the lower sales income in the first 2 years. An increase to 7 aircraft/month would not justify 
this difference, so it would be better to create a plan to include the production of 9 more aircraft during those five years 
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16.2. Operational Cost 
The operational cost of the first year of operation of the aircraft is the sum of fuel costs, maintenance, hangar, 
insurance, inspections, engine overhaul and battery recharge. The price of the Jet-A/A1 fuel assumed was $ 4.98, the 
hourly rate for mechanic work is assumed to be $ 53/hr, the cost of hangar storage is assumed to be $ 250/month, and 
the kWh price was assumed to be $ 0.12/kWh. 
Thus, Snorri Gudmundsson's model can estimate the operating price of aircraft per hour and Figure 103 shows 
the operational cost estimation. 
 
Figure 103: 4PAX and 6PAX cost per flight hour with number of hours flown per year. 
It is possible to see that the cost of flight hours for the 4PAX aircraft is practically the same as that for the 
6PAX. This happens because the first one has a longer range, being necessary greater use of fuel and battery, while 
the second one uses less fuel and less battery, but it has more expensive insurance for the higher selling price of the 
aircraft. 
Considering that both aircraft have an annual flight rate of 300 hours, the operating cost per hour of flight for 
the 4PAX aircraft is $ 108.27 and for the 6PAX is $ 108.93. Figures 104 and 104 give a summary of the hourly flight 






Figure 104: 4PAX operating cost breakdown. 
 
Figure 105: 6PAX operating cost breakdown. 
It is expected that a hybrid aircraft will have a higher cost per unit of aircraft than the competitors, and the 
great feature of this type of aircraft is the hourly cost per flight. Table 38 presents a comparison between the sales 
figures and operating costs of the 4PAX aircraft and its competitors. 
Table 38: Comparison between the sale price and the cost per flight hour to the competitors. 
Aircraft Model Sale Price Cost Per Flight Hour 
4PAX $966,700.00 $108.27 
Diamond DA42 $522,750.00 $223.00 
Cirrus SR22 $724,900.00 $173.00 
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Thus, it is possible to estimate how much time of use of the 4PAX aircraft the buyer will need to make a 
profit, compared to the others. Table 39 shows the amount of time to obtain a break-even point in relation to the 
aircraft's flight time per year. 
Table 39: Comparison of the break-even point to the competitors. 
Aircraft Model 100 hour/year 200 hours/year 300 hours/year 400 hours/year 500 hours/year 
Diamond DA42 38.70 years 19.35 years 12.90 years 9.67 years 7.74 years 
Cirrus SR22 37.36 years 18.68 years 12.45 years 9.34 years 7.47 years 
Cessna TTx 37.32 years 18.66 years 12.44 years 9.33 years 7.46 years 
Therefore, for commercial applications, this type of aircraft is feasible only for operators with a high flight 
load. However, this estimate does not consider the price variation of the fuel over the years. Even though hybrid aircraft 
still have some economically issues compared to conventional competitors in the market, their features offer many 
advantages in the future, even more when new electric batteries are expected.  
 
17. Conclusions 
The Dolphin family fulfills the requirements proposed by the AIAA’s RFP. The design featured two aircraft 
(4PAX and 6PAX) able to compete against the competitors, showing to the market that they are good alternatives to 
existing airplanes, even though entering in service by 2028. 
In this work, the conceptual design used a genetic algorithm, which combined multi-interfaces, and resulted 
in very good geometries. Next, performing aerodynamic and structural analyses, the main characteristics were 
obtained, allowing evaluations in performance and stability. Thus, the project has achieved good attributes and 
essential qualities for aeronautical design. Nonetheless, both aircraft share 96% of commonality, which facilitates the 
manufacturing and reduces fixed costs. 
After all, the “icing on the cake” of this report is the electric-hybrid propulsive system. No doubt this is going 
to be the future. The companies and the industry seek for these more efficient and sustainable technologies, which 
would allow reduction of fuel consumption, reduction of noise during landing, improvement of cruise performance, 
and aid in the reduction of greenhouse gas emissions. However, there are many issues involving these new approaches, 
since more electric systems imply the need to generate more power, distribute power to more places, and deal with 
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